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LIGAND ABBREVIATIONS

acac -pentane-2, 4-dione

acry - acrylonitrile

2-anis - 2-methoxyariline

3-anis - 3-methox),aniline

4-anis - 4-methoxyaniline

2,2'-bipy - 2,2'-bipyridine

4,41-bipy - 4,4'-bipyridine

Bu - butyl

clin 6-amino-hexanoic acid (6-caprolactam)
5_

cp 7) -cyclopentadienyl
cy -cyclohexy.

diox 1,4-dioxan

dine l ,2-diinethoxyethane
dmp -2, 6-dimethylpyrazine

2,2-dmp - 2,2-dimethoxypropane

dinpo -2,6-dimethylpyridine-l-oxide

3,5-dmpy - 3,5-dimethylpyridine (3,5-lutidine)

dinso -dimethylsuiphoxide

dppe -1, 2-bis(diphenylphosphinoethane)

dppeO 2  - l,2-bis(diphenyiphiosphirio)ethane dioxide

DPPH - l,l-diphcenyl-2-picrylhydrazyl

dppm -bis Cdiphonylphosphino )methane
dpso - diphenylsuiphoxide

Et - ethyl

hinpa - hexamethyiphosphoranide

isoquin - isoquinoline

isoquinH - isoquinoliniun

Me - methyl

Ph - phenyl

phen - 1,10-phenanthroline

3-pic - 3-picolince3-picolinie/3-methylpyridine)

4-pic - 4-picolineGc -picolinie/4-niethy] pyridine)

Pr - propyl

py - pyridine

pyH - pyridinium

qn -quinudi idine

quin - quirioline

quinil - quinolinium



0-tas - bis(o-dimethylarsinophenyl)methylarsine

v-tas - tris-1,1.,1-(dimethylarsinoniethyl )ethane

tclm - 6 -thiocaprolactam

thf - tetrahydrofuran

thioph - thiophen

thiox - 1,4-thioxan

thp - tetrahydropyran

tmu - tetramethylurea

tmtu - tetramethylthioure-

2-toluid - 2-aminotoluene

3-toluid - 3-arinotoluene

4-toluid - 4-aminotoluene



SPECTROSCOPIC ABBREVIATIONS

eep.r, electron paramagnetic resonance

nom.r, nuclear magnetic resonance

i.r. infrared

V as asymmetric stretching frequency

vs very strong

s strong

m/s medium strong

m medium

W/m weak/medium

w weak

vw very weak

sh shoulder

i
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DEFINITION OF SYMBiOLS

A - hypqrfine coupling constant

A. - isotropic hyperfine coupling constant
ISO

Al - 'parallel' component of the anisotropic hyperfine

tensor (axial symmetry)

A 'perpendicular' component of the anisotropic

hyperfine tensor (axial symmetry)

- Bohr magneton

ON - nuclear Bohr magneton

c - velocity of light in vacuo

e - charge on the electron

g - electron g-factor

giso - isotropic g-factor

g, - 'parallel' component of the anisotropic g-tensor

for an axially symmetric system

g.L 'perpendicular' component of the anisotropic

g-tensor for an axially symmetric system

N - nuclear g-factor

h - Planck's constant

H - magnetic flux density vector (the 'magnetic field')

I - value of the nuclear angular momentum (the

'nuclear spin')

I - nuclear spin vector

m- quantum number charactertising the nuclear spin

states of a system

mN - nuclear mass

m- quantum number characterising the electron spin

states of a system

S - value of the electronic angular momentum (the 'spin')

S - electronic angular momentum vector



SECTION 1 INTRODUCTION

1.1. VANADIUM CHEMISTRY

Vanadium is in group VA of the periodic table, and forms a wide

variety of complexes in all oxidation states from +5 to -1, those in

the +5, +4 and +3 states being the most common. In general, vanadium

forms complexes readily with those ligands containing a donor atom

such as nitrogen, oxygen or a halogen. Far fewer complexes are

known with phosphorus or sulphur-donor ligands. The chemistry of

vanadium is discussed in detail in many reviews [l-12] and, therefore,

this section will concentrate on previous work relevant to the

complexes studied in this project.

Vanadium(IV) chemistry is dominated by the numerous oxovanaidunl

complexes of the form [VOXJor [VOXnYm ]where X is a negatively charged

monodentate or bidentate ligand and Y is a neutral monodentate or

bidentate ligand). Many interesting properties of vanadium(IV)

complexes can be attributed to the d1 electronic configuration. Most

studies upon vanadium(Iv) have concentrated on complexes of the

type[VO( L-L)2 ] (where L-L is a bidentate oxygen ligand). Vanadium

(IV)-oxygen bonds are usually very strong and these compounds are

relatively stable under atmospheric conditions. Most other vanadium(IV)

complexes, however, are difficult to prepare and are usually extremely

moisture and oxygen sensitive. This is so, for instance, in the case

of the halides and oxohalides and their complexes.

1.2. VANADIUM(IV) OXIDE DICHLORIDE AND ITS ADDUCTS

1.2. 1 Vanadium (IV) Oxide Dichloride

Vanadium(IV) oxide dichloride was first reported in 1868 by

Roscoe [13J. The preparation involved passing vanadium(V) oxide

trichloride vapour and dihydrogen through a red-hot tube together.

Other solid oxochlorides were formed as impurities, using this method.

An alternative method, used by Roscoe, was the reduction of vanadium(V)

oxide trichloride by metallic zinc in sealed tubes at 673 K E13].

A more recent and more efficient method involves the reaction

of vanadium(V) oxide, vanadium(III) chloride and vanadium(V) oxide

trichloride accordinq to the equation[14):

V205 + 3VC1 3 + VOCI 3 -- 6VOC12

i " , . ... . re il i i 1



The reactants are sealed in a tube which is placed in a temperature

gradient, the hot end being at 873 K. Vanadium(IV) oxide dichloride

sublimes out of the hot reaction zone in 4-5 days [14,15]. The product

forms green, deliqu escent plates which dissolve in water to give a

blue solution.

Du Preez and Sadie 16 ] treated a concentrated aqueous solution

of VOC12 with excess of thionyl chloride, heating under reflux for

five hours. This is probably the simplest and most convenient, recent

preparative method but impurities of sulphur were present in the product.

Du Preez and Sadie, however, used this slightly impure product to

form VOC12.2.5CH 3CN 16] , and impurities were removed during this

next preparative stage.

Other recent methods include the interaction of vanadium(V) oxide

trichloride with vanadium(III) oxide chloride [17] over the temperature

gradient of 723-523 K, and the passage of hydrogen chloride gas over

vanadium(III) chloride hexahydrate [18] at 433 K. High temperature

preparative methods are, however, often avoided since vanadium(IV) oxide

dichloride is thermally unstable above about 573 K, decomposing to

vanadium(V) oxide trichloride and vanadium(III) oxide chloride [17,18,19]

The most recent method is the reduction of vanadium(V) oxide trichloride

by sulphur. This involved heating under reflux under a dry nitrogen

atmosphere [20).

A hydrate, VOCl2.xH20, may be prepared as a syrupy liquid by

evaporating a mixture of vanadium pentoxide, ethanol, hydrochloric

acid and water until all the pentoxide has reacted [21]. Hydrates

have been prepared with many values of x, the limits of x being 0-2.5

[12]. Many workers have used VOCl2.2H20 as a starting material for

their preparations of other oxodichlorovanadium(IV) complexes.

1.2.2. Adducts of Vanadium(IV) Oxide Dichloride

Many adducts of VOCl2 have been prepared and studied: very few of

these have been prepared by direct reaction with anhydrous VOCl 2 .

Many of the adducts were prepared by the partial hydrolysis of the

corresponding VCI4 complex, or by oxidation of a VCl 3 complex. The

known complexes of VOC1 2 are listed in Tables 1.1-1.5. The overall

impression given by these tables is of the many different methods

used in the preparations.
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The phosphine complexes have proved difficult to prepare. The

first report of such a complex, VOCl 2 (Ph3P)2 .2H90 [22] has been

discredited 3,24] , the complex having been shown to be [VOCI 2 (Ph3PO)q.

Many other workers have failed to prepare simple phosphine complexes

23,25], and the report of VOCI 2 (Ph3P) 2 .H20 [26J in 1970 must be

open to doubt, especially as the preparation was under anhydrous

conditions! Recently, however, the preparation of [VOCI2(Ph3P)2]

has been carried out [27]. The starting material used in this

preparation was the same compound, [VOC1 2(MeOH)3], used in many

other preparations 28 ]with basic nitrogen-donor ligands. With

nitrogen-donor ligands, methanoloysis occurs and an intermediate is

formed:

B + [VOC12 (MeOH)3]- -[BH] [VOCl 2(OMe)] + 2MeOH

The intermediate then reacts with excess ligand to give complexes

of the type VOC1 2L . The complexes[ VOC1 2 (PR3)2] (R = Et, Pr, Bu or Ph)

and [VOCl 2(PR2Q)2 ] (R = Me, Q = Ph; R = Ph, Q = Et) have been detected

in toluene [29,30] . In fact, their presence was deduced from an

e.p.r signal alone, recorded on a solution which was effectively a

mixture of VOC12, phosphine and solvent. The phosphine complexes were

not isolated. Similar interactions with tributylstibine in solution [31]

have indicated the predominant species to be [VOC1 2(SbR3)]. Again,

these conclusions were drawn from an e.p.rsolution spectrum.

The preparations carried out by Datta and Hamid [20] are interesting

in that they involve ligand exchange. Firstly anhydrous VOC12 is

reacted with tetrahydrofuran to give [VOCl2 (thf)2], and then this

compound is reacted with the relevant methoxyaniline, aminotoluene

or other ligand. The complexes (C6HsN 2CI).VOC1 2.H20 and (4-CH3OC6H5N2CI) 2

VOC1 2 .xH 2 0 have been reported [32] but their nature is not clear.

Complexes of the type VOCI 2Ln are known with a wide range of
stereochemistries. The most common coordination numbers are four,
five and six. There have been many studies of the electronic

structure of vanadium(IV) complexes containing a V=O double bond.

Although most of these studies have concentrated on complexes such as

bO(acac)2], which has been subject to many detailed molecular orbital

calaculations [33,34,35,some studies have been made of VOX 2LI complexes.

3



Table 1.1 Complexes of VOC12 with Oxygen-Donor Ligandqs

ADDUCT METHOD OF PREPARATION SPECTRO- REF.
SCOPIC
DATA

[VOC12(diox )21 [VCl 4(diox)]/diox/H20 a/d 39

iVOC 2 (CH3OH),i /diox 27
EVOC12(diox)] Heat IVOC 2(diox)2]at 348 K a/d 39

EVOCl2( th f)21 EVCl 3(thf)31/thf/02/hexaie a 43

VOC 2 /thf a/b 20
[VOCl2(thf)] VOCl2.2H 0/thf/pentane a/die 51
[VOCI 2( Et20)2] VOCl 2*2H 0/CH OH/Et 0 a/d/e 51
[VOCl2(CH3oH)3] VC14 /C[H30H/CC14  -52

[VOC12(dmso)3] VC 3 .6H-20/dmso/EtOH-H 20 a/e 53

aq. VOCl2/d'nso/EtOH a 21,45,47

[vocy2 hmpa)2I VOCl2/I-C/hmpa/propanone-2,2-dnp a/d/e 16
Evocy2 tmu)2] VOC12/HC1/tmu/propanone-2,2-dmip a/d/e/g 16,38

VOC12/MeCN/tmu/CH C12  a/b/e 26
[voc12 clm)2] VOCl2/14eCN/clm/propanone/Et2O a/b/e 26

VCl3.6H 0/Ph PO/EtOH a/e 53
VOC12.2H 0/Ph PO/cyclohexanol a 24

[VOC12(Ph 3AsO)4J VCl 3.6H20/Ph 3AsO/EtOH a/e 53
Evoc12(dmpo)2] VCl3.6H20/dnmpo/propanone-2,2-dmip a/e 54

LIvoci 2(RC5 H 4 NO) 2 1
tROCH3'CH3,C1,Br or NOAVOC12/RC 5H4NO/propanone-2,2-dnip a/c 54
EnoC1(thp)2  [ voci (thf) 11/thp/thf ab2

Evoc1 2( irea) 2]2 VOC12.2H20/urea a/f 55
*[VO(urea)4]C12 VOC1 2'2H20/urea a/f 55

*This compound was found to be ionic, rather like the compound [VO(dniso),"

Br2  [471
Spectroscopic key: a-far i.r., b7Near i.r., c-e.p.r.,d-diffuse reflectance,
e-electronic absorption (solution), f-x-ray powder diffraction,
g-x-ray crystal structure.
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Table 1.2 Complexes of VOC12 with Nitrogen-Donor Ligands

ADDUCT METHOD OF PREPARATION SPECTRO- REF
Sc0PIC
DATA

[VOCY2 CH CN) I VC14/HC/ 2  a/d 39

V0CY2 CH CN)2  Vocl /CH CN a/die 16

EVOCl 2(C6H5CN)2] ic 2 (CH [ 31CN )2I/C 6H CN a/d/e 39

Evoc12 py3 I[voci (CH OH) 3  py/CC14  - 52

VCl3/Py/02  - 56

jy~l(p)2  VOC12(CH3 OH)31/py - 27,28

LVC2P)1Heat VOC]2(PY)3(Et20)0.5  - 52

HeatLVOCl 'y)]at 343 K - 27,28

LVOCl (3-pic)2] Heat~VOC12(3-picb 4 - 27,28

LVOC 2 (3-pic )21 HEVOC 2(CHO)3-picI 4 - 27,28

LYOCl 2(4-pi c) 3 -] [VOCl2( CH3OH)3 j'A-pic - 27,28 '

LVOC 2 (4-pi c)2] Heat[VOCl2(4-pic)3] at 343 K - 27,28

[VOCl 2(i osqui n) 3 ] C 2(C-30't)31/sqi 72
[VOC 2 (i soqui n)21 NVOC1 2(isoquin j1/Et2o- 27,28

N~OC 2 (thf)2 i'isoquin/thf a/b 20
Ocl(CH H) /3,5-dmpy/

EVOC1 (3,5-dmpy) 2 ] 2 4 72

V0C12.5NH3  VOCI /NH3  a 57-63 I
VOCl2(NH2Me )4  VOC13 /NH2 Me a/e 44

VOCl 2(NHMe2)2  VOC13 /NHMe2  ale 44

tNfCl2(Nrie3)2] VOC13/Me 3  a/e/g 36,44

VOC 2 (2,2'-biPY)2  aq.VOC 2 /2,2'-bipy/propanone a 21,45,47

&0C12(2,2'-bipy)] [vC 4 (2,2'-bipy) ICC14 /H20 a/b/d/e 64

Evocl 2( CH30H)3 1/2,2'-bipy/Et2 0 - 27,28

VOC 2 (phen)2  aq.VOC12/phen/propanone a 21,45,47

LVOC12(phen)] VCl4 phn/C1/H0 a/b/d/e 64
(VV2)(,4-ip) VOl(CH OH)3/4,4'-bipy/Et2o - 27,28

ROC12(2-ani s)21 VOC12(thf )2 /2-anis/thf a/b 20

[VOCl2(3-anis) I VOCl (h)/3-anis/thf a/b 20
[VOC12(4-anis )2 ] VOCl2(thf)2/4-anis/thf a/b 20

[VOCl2(-oud 2  VOCl2(h)/2-toluid/thf a/b 20
[V2(3-toluid )2_12]h)

[O1(-oud2IVOC12(thf)/3-toluid/thf a/b 20
[VOC1 2(4-toluid)2] VOC12(thf)l4-toluid/thf a/b 20

[VOC12(quin)2]1 V0u1 2(th1f) 2/quin/thf a/b 20

Spectroscopic key: a-far i.r., b-Near i.r., c-e.p.r., d-diffuse reflectance,
eelectronic absorption(solution), f-x-ray rowder diffraction, g.x-ray crystal
structure.



Table 1.3 Complexes of VOCl2 with Phosphorus and Arsenic Ligdnds

ADDUCT METHOD OF PREPARATION SPECTRO- REF
SCOPIC
DATA

[VOC 2 (Ph3P)2] [V0C12(CH OH) I/Ph P/Et2 0 27

[VOC12(dppeflj [VOC 2 (CH30H )31/Vdppe/Et2O 27

EVOC12(o-tas)] [VCl4(o-tas)]/CCl4/112O aid/e 65

tY0C1 2 (i-tas)] [VCl4(i'-tas )]/CCl4i/H20 a/die 65

Spectroscopic key: a-far i.r., d-diffuse reflectance, c-electronic

absorption (solution).

Table 1.4 Complexs Of VOCl 2 With SUllhur-Donor Liqands

ADDUJCT METHOD OF PREPARATION SPECTRO- REF
SCOP IC

DATA

[VOCl 2 (Me2S)21 VOC 3 /Me 2 S/2,2,4-triemithylperitane - 27

[vOc12(ts 2  VOCI Et2S/,2,4-trirncthylpentane - 27

[VOCl 2 tlm 2  VOCl 2 CHCN/ tclm/CHCl aibie 26

[y0Cl 2 (t!tu)2 ] VOCl 2/CH2CN/ tmtu/Cf 12C 12  aib/e 26

~I~2 (thiop0) 2] OC 2(thf) /thiophen/thf ab2

Spectroscopic key: a-far i.r., b-near i.r., c-electronic absorption
(solution).

6



Table 1.5 Complexes of VOC1, with Two Ligands

ADDUJCT METHOD OF PREPARATION SPECTRO- REF
SCOPIC

DATA

VOC12(Ph3P)2 .2 H20* VOC12.214 20Ph 3 P/cyclohexanol -22

VOC12(Ph3P)2J120** VOC12/CH3CN/Ph 3P/CH2C1 2  a/ble 26

VOCl2(Et2O)2 .2H,0 aq. VOCl2/Et2O a/die 51

VCl 4/Et 2O/H20 66

VOC12(thf)2 .2H20 VOC12.2H2Oithf aid/e 51

VOCl2(diox)3.21120 VCl3.6H20/diox 52

VOC12(diox).21120 Decamp. of VOC 2 (di ox)3 .2 H20 -52

VOCl?(C5H5NO)?i-1?O V0C12/C5 11 0O/prdpanone-2,2-dnip a/e 54

VOC12(MeOC5 -14N0)4 .2"20 VCJ3.6120/MeOC 5H4NO/pr-opanone-2,2-dmip a/e 54

VOCYO(Ppe)1120 aq.VOC12/Cfi3OHidppe/CH2 C12  a/e 23

VOC12 (dppeO2).4 [120 aq. VOC12 /Ct1 3OH/dppeO2/CH2C'2  ale 23

[VOC12([pY) 2(C1430Ht)7 [V0C12 (CH 301) 31/ py/CH 3OH -5?

[VOC12(drne)(CH 3Of)-l LVOC 12(C"30II) 31Mme -27

[VOC12 (dmp)(CH3OHY1 [vOC12(CH3OH )3 ]/dnip/Et2o - 27,28

LVOC1 2 (dmp ) 2(C13 11)] [VOC1 2(CH 301)3 IidrnpEt2o - 27,28

NIOC1 2 (dmp) (C"30H)2 1 [VOC12 (dtnp)2 (CH3OI1)f]/Et 2 0 - 27,28

VOC1 2(Py)3(Et2 0).5  LVOC1 2(y)2(CH3 1i)Y/pyiEt2o - 52

VOCl2(CH3 CN)2 (diox)0.5  V0C12(diox)2/CH3 CN aid 39

VOC12 (acry )2(C6"6)0O4 VC13 (acry )3 /02/C6 16  67

*existence disproved

**existence in doubt

Spectroscopic key a-far '.r., b-near i.r., d- diffuse reflectance,

c-electronic absorption(solution).
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The information available for such studies comes mainly from

solid-state measurements. X-ray studies have been carried out on

both[VOC12 (NMe3)2 IU36,37] and [VoC12 (tmu)9[38]. Whereas all five-

coordinate VOX 2L2 species were thought to have structures based on

a square pyramid (C2 v), the first of these compounds was shown to

have a structure based on trigonal-bipyramid (C2v) [36,37]. The

tetramethylurea complex had the expected square-pyramidal geometry.

Drake, Vekris and Wood [36,37 ]also used diffuse reflectance spectroscopy

in their studies. Recently electronic spectra and molecular orbital

calculations have been used in a bonding study on [VOCl 2(tmu) 2 ]I0.

E.p.r spectra were also recorded.

Extensive near infrared (4000-650cm " ) investigations on VOCl 2

complexes have been made by many workers [21,39,43-49]. However the

far infrared region (650-200 cm-1 ) has yet to bc investigated in detail.

Very few reports of V-Cl stretching frequencies exist. The stretching

frequencies of the metal -oxygen double bond, v(V=O), are found

between 900 and 1100 cm- 1, depending on its environment.

Very little spectroscopic information is available from measurements

in solution , and no unambiguous assignments have been made (due to

the uncertainty in the ordering of the molecular orbitals, as a

result of the presence of the V=O moiety). Many of the solvents used

for solution studies of vanadium(IV) complexes show a tendency to

displace other ligands from the complexes. This process will be

commented on later in this report.

Very few e.p.r studies have been carried out on VOCl 2 complexes (those

which have will be discussed in 1.6). This fact, along with the lack

of i.r. data, the variety in preparative methods, the unreliability

of solution measurements due to the ligand displacement effect

[ ioned above and the lack of solution data in general makes a study

of the properties of VOC12 complexes worthwhile.

1.3 OXOTETRACHLOROVANADATE(IV) COMPLEXES

The known [VOC1 41
2- complexes are all extremely air and moisture

sensitive. This is due to the ease with which V-Cl bonds are hydrolysed.

Simple VOCl 4- compounds are green in colour. Table 1.6 lists the
2-known [VOC1 4] 2 - complexes and their methods of preparation. Table 1.71.7-

contains a similar list for mixed ligand complexes ,IVOCl4L
2 -.
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An X-ray study carried out by Haase and Hoppe [68] has indicatea
2

that the [VOMi4]
2- ion may have C4v symmetry. Their study on

[Et 4N]2 [TiOC14 ]showed titanium to have a slightly distorted

tetragonal-pyramidal coordination with oxygen at the apex. Since
EVOC14 ]2- is isomorphous with 2- , Haase and Hoppe

[c 4] [smrhuswt TiOC14]2

concluded that [voci 4 2 in [Et 4N]2LVOC14] would have the sane

symmetry. No single crystal X-ray studies have been carried out

on complexes containing [VOC14]2- itself.
A comparative study of the e.p.r spectra of the ions [VOCI42

EMoOCl 5] 2 - and WoC15] 2 - was reported in 1966 [69]. The value for

g was found to be greater than that for g, for the LVoCi 4_l
ion. Studies were carried out using the compound [Me4N]2 VOC14-!.EtOli,

prepared by Selbin and Holmes[21 1.
The electronic spectrum of the [vOCl 12- ion has been studied

[70,71]. The first of these studies [70] was a study of the single-
crystal absorption spectrum of [Et 4N]2LVOC14]. Drake, Vekris and

Wood [3/. carried out a molecular orbital treatment for the ion, basing

their calculations on the Ballhausen and Gray molecular orbital scheme

for the [VO(H 205 ] 2+ ion L331. They used their result to assign bands

in the charge-transfer spectra of vanadium(IV) and vanadium(V) species.

Kilty and Nicholls prepared many simple [VOC4 2- complexes, as

well as some hydrates [72]. They carried out diffuse reflectance

studies upon these compounds, and a study of the magnetic properties

of these compounds was carried out at a later date by Machin and Murray "73-.

[pyH] 2 EVocl 4 ] and uinH] 2 [VOC1 4 were found to have magnetic moments

of 1.76 and 1.75 v. respectively at 300 K.

Infrared studies have concentrated on V=O stretching frequencies.

There have been no V-Cl assignments reported. The strong band at

985+50 cm- observed in spectra of vanadyl complexes was first

assigned to the V=O stretching frequency in 1959 [49. Both Kilty

and Nicholls [72 and Feltz D4,75] later confirmed this assignment.

Kharitonov and Khalilova used i.r. spectroscopy to show that the

vanadium-oxygen bond was indeed a multiple bond [76] and did not exist

in vanadium-oxygen-vanadium chains.

Although all the simple [VOC14]
2- complexes prepared have been

green, the hydrates have been coloured differently [721. [pyH;IVOCI 412H20,

9



Table 1.6 Complexes of[ VOCQ 2I-

COMPLEX METHOD OF PREPARATION SPECTRO- REF
SCOP IC
DATA

K2[oc14l [vuCl2(diox)211/liq.S02/KCl a/d 74,75

Heat monohydrate a/f 77

Rb2[VOC14] [voc12(diox)2_Yliq.S0 2/RbCl a/d 74,75

Heat mionohydrate a/f 77

Cs2 IVOC141 [voc12 (diox)2J/liq.S02/CsCl a/d 74,75

Heat Cs2[voci ].H 0 a/f 77

[NH4 -2 rYiOCi4] VOC1 2(MeCN) 2(diox) 0 .5/eCN/NH 4CI a/d 74,75
Heat monohydrate aid/f 72,77

[ NH3Me] 2[EVOCl 4] Heat [NH3Me]2IVOCl4(1,IeCN)] a/d 74,75

[NH2Me2]2[VOC14] Heat LNH2Me2i!2[VOC14(MeCN)] a/d 74,75

ffJHMe 3] 2 En~o14] Heat [Nfl e3 2[V OC 4 (MeCN)]_ a/d 74,75

LNMe 4] 2-LVOCl1 4 ] HeatLNWe 4]2 LVOC14(r.eCN)] a/d 74,75
IIEt 2 NI 22vOCl 4] VOCi 2' Et2NH2 3j:l/CHCl 3 d/e 37
[Et N]2[VOClI VOCl 2 MeN)(diox) 0.5IMeCN/[Et 4N11 a/d 74,75

Voc 2/EEt 4N]Cl/CHC13  d/e 37
I yHV 2 VOC141 Dehydrate dihydrate over P205  a/d 72,73

VOCl2/[pyH l/CHC13  d/e 37

[quinH]2[VOCl4] Dehydrate dihydrate over P205  a/d 72,73

VOC12/[quinH]C1/CHCl3  d/e 37

-' isoquinfil 2tVOC141 Dehydrate dihydrate over P205  a/d 72,73

Spectroscopic key :a-near i.r., d-diffusp reflectance, e-electroiic

absorption (solution), f-X-ray powder diffraction
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Table 1.7 Complexes of [VOC1k

COMPLEX METHOD OF PREPARATION SPECTRO- REF
SCOPIC
DATA

K VOC14.2H 0 VCl4/aq.HCl/KC1 a/f 76,78,79

K 2 1V0CI 4 (H 20)] VOC 3 /aq.HC1/KC1 a/f 77

Rb2VOC14*2H2 0 VC1 4/aq.HC1/RbCl a/f 76,78,79

Rb2[voci4(H20)1 VOC13 /aq.HC1/RbCl a/f 77

Cs2VOCl4.2H 20 VC1 4/aq.HC1/CsC1 a/f 76,78,79

C4 IVOC1 4(H20)] aq.VOC1 2 /IC/CC1 a/d 72
aq.VOCl 2/HC1/EtOli/CsCl a/d 72

[NH412VOC1 4.2H20 VC 4 /aq.HCI/NH 4C1 a/f 76,79
[NH4 ]2Evocl 4 ([H20)]1 NH 4 V03/aq.HC1-EtOH a/d 72

VOC1 3/aq.HC1/NH 4c1 a/f 77

[NH MeI] [VOC1 4 MCNI [C1d Io)1/MeGN/[NH rMeIiCI aid 74,75

[NH2Me 2 [2VOC1 4(MeCN)l o 1V~2 (diox) 2],'MeCN/[NVH2Ne§IC1 a/d 74,75

h11Me9 2LV0Cl4(MeCN)] EVOC1,(diiox)2IYMeCNAINHMe3]Cl a/d 74,75

[NMe4] 2 VOC1 4(MeCN)1 EV0c1 2(iox 2 MeCN/[NWe 11 a/d 74,75
[NMe412LVC 4(EtOH)] aqVC1EtHNe 4 1 a 21,45,47

~yHII 2OC14.3 2O aqVOC1 2/EtOli/[pHC - 80
EpHIVOCI4 2 2  V2 5 aqH1-tHpyad 37

FquiH2VOC1 4 31H 20 aq.VOC12/EtOH1/ [quiHll 80

EquinH]2V0C14.2H2 0 v2 0 5/aq.HCl-EtOH/quin a/d 72

EisoquinH 2 Ol.H0 V 0 /aq.Hcl-EtOH/isoquin a/d 72

Spectroscopic data key as for Table 1.6



(quinH,,[VOC1 4J.2H2O0 and[isoquinH] 2 [voci J . 2H 20 were described as
beN 4]1VC14J-20)1as light blue, and Cs2 EnJo 4 (H2O)] as either

brown or green depending on the preparative details. The presence

of coordinated water was deduced from the i.r. spectra of the

hydrates. The i.r. data could also distinguish a dihydrate from

a hydrate.
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1.4 VANADIUM(IV) OXIDE DIBROMIDE AND ITS ADDUCTS

1..4.1 Vanadiu(IV) Oxide Dibromide

Although first prepared by Safa'ik [81 , the compound we now know

to be VOBr2 was first identified as VOBr2 by Roscoe [13J. It was

prepared by heating vanadium(V) oxide tribromide to 453 K, and was

described as a very deliquescent yellow-brown solid. Later, VOBr 2

was prepared [82] by the action of bromine and sulphur monobromide

on vanadium(V) oxide at 773-873 K, in the presence of sulphur. The

product was collected at the cooler end of the sealed tube, in which

the reactants were held, at a temperature of 533 K. A more recent

preparation[2,11] involves the bromination of vanadium(IIl) oxide

at 873 K in a flow system. Lappert and Prokai [83] reported that

VOBr 2 could be prepared by heating BBr 3 and vanadium(V) oxide under

reflux at 393-433 K but subsequent investigation has disproved this

claim [25] . However, more recently, Druce and Lappert [84] have

reported the preparation of VOBr 2 by the reaction of BBr 3 with vanadium(V)

oxide trichloride. Savant and Patel [85] prepared VOBr 2 by the action

of HBr upon VO(OH) 2 , but did not quote analytical figures for their

product. The most recent preparative route is by the action of HBr

upon vanadium(V) oxide trichloride [86 , the product being heated to

433 K. The initial product is vanadium(V) oxide triboromide, but this

decomposes on heating to give vanadium(IV) oxide dibromide.

A hydrate, VOBr 2.xH20 has been prepared[21 in a manner analogous

to that described for the corresponding vanadium(IV) oxide dichloride

complex.

Few physical properties of vanadium(IV) oxide dibromide have

been studied. It is partially decomposed at about 633 K to vanadium(II)

oxide bromide [12], and at higher temperatures still, it is converted

through to vanadium(II) oxide [40], and not vanadium(V) oxide as

* I reported by Clark [12]. The compound is yellow-brown and dissolves in

water, giving a blue solution typical of the[VO(H20)5]
2 + ion. The

infrared spectrum of VOBr2 has been reported [87i and was assigned uponl2

Cs symmetry.

1.4.2 Adducto of Vanadiwu(JV) Oxide l ibromide

The adducts of vanadium(IV) oxide dibromide have received far less

attention than those of vanadium(IV) oxide dichloride. The first systerLitic
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study of these complexes appeared in 1973 [40-421 The method used
by Nicholls and Seddon for their preparations involved the reaction

of the relevant ligand with vanadium(V) oxide tribromide, using

cyclohexene as solvent. Reduction always occurred along with the

coordination of the ligand. The use of a ligand exchange method,

via oxodibromotris(ethanenitrile)vanadium(IV) as an intermediate,

effected the preparation of a simple phosphine complex. This method

has since been used in the preparation of [VOBr 2 (py) 3 ] and[VODr 2 (4-pic) 3 ]

[88] , and should prove a general method for the preparation of other

complexes in the future. All the known complexes of VOBr 2 are listed

in Table 1.8 along with references to the spectroscopic data reported.

Nicholls and Seddon [40-42] studied the far infrared region and

reported V-Br stretching frequencies., This was shown to be particularly

useful in assigning the symmetry of a complex. One class of spectra

gives two strong v(V-Br) stretches, the higher of the two being in

the region 360-340 cm 1 ; the other shows only one v(V-Br) stretch,

in the region 340-320 cm1 . This is consistenL with the latter class

having a structure based on the square-pyramid, and the former class

having a structure based on the trigonal-bipyramid. An examination of

the oxovanadium(IV) stretching frequencies for the adducts revealed

the following general trend:

v(V=O)anionic" v(V=O) 5coordv(V=O)6coord V(V=O)bidentate

The complex[VO(dmso)51Br2 was shown to be ionic [40,42,45,47] by

conductivity measurements.

14



Table 1.8 Complexes of VanadiumflV) Oxide Dibrornide

ADDUCT METHOD OF PREPARATION SPECTRO- REF
SC0P IC
DATA

IVO(dmnso) 5] Br2  aq.VOBr2/dmso a 21,45,47

VOBr3/dmso/cyclohexene a/b/e 40,42

[vOBr2 (dpso)31 VOBr /dpso/propanone -85

VOBr3/dpso/cyclohexene a/b/e 40,42

[VOBr2(hmpa)2-] aq.VOBr2/HBt/hnpa propanone-2,
2-drnp a/d/e 16

VOBr /dpso/cyclohexene a/b/c 40,42

[VOBr(tu] aq.YOBr /HiBr/tmu/acetone-2,2- adc1
2(tmu)21 2 dmp ade1

[VOBr 2(qn)2] VBr3 (qn )2/02  a/b 90

[VOBr2 (CH 3CN) 3] VOBr 3/CH3CN/cyclohcxene a/b/e 40,41

E[VOBr2(dme)] VOBr3 /dme/cyclohexene a/b/c 40,42

[VOBr (2,2'-bipy)] VOBr /2,2'-bipy/cyclohexcnc a/b/c 40,42
* [O~ 2(tf 2  Vr 3/h/ylexnab/402

E VOBr 2(dio) 2] VOBr3/dio/cyclohexene a/b/e 40,42

[VOBr(tix 2  VOBr /tiox/cyclohexne a/b/c 40,42
[VOr2py 2]VOBr/yccihxn a/b/c 40,42

EVOBr (tuin) 2  Vr 3/quhin/cyclohexnea//402

[V~2(tht)2 Vr 3/th/cyclohexne a/b/c 40,42

EVOBr2(Ph 3P)21 [VOBr2(CH3 CN)3]/Ph3P/thf a/b/c 40,42

EVOBr2(py)31 VOBr /py/cyclohcxenc a/b/c 40,42

EVOBr2 (CH 3CN )3]/py/thf -88

EVOBr2 (4-pic)31 [VOBr2 (CH 3CN )3 1/4-pic/thf -88

VOBr2 .2H v V0 /HBr/EtOH/H20 -25

VOBr2.xH2O (x-5) v 0 /HBr/EtOH/H20 a 21,45,47

VOBr 2 *CH 3COOH V20 5/aq.HBr/CH3 COOH/CH 2C12  -25

E[VO(phen) 1Br2.H20 aq.VOBr2/phen/propanone a 21,45,47
fYO (2,2'-biPY)218Br 2.H20 aq. VOBr2/2,2'-bipy/propanonc a 21,45,47

EVO(dmpo)4]Br 2.H20 VO(OH')2/HE~r/dmpo/acetonc-2,2-dmp a/e 54
VOBr2(dppe).H2  VOBr2.HOC 3 Hdp/HC 2  ac2

VO r ( p m .20 V r2' x11 2  /CH30H/dpprn/CH2C12  a/c 23

VOBr 2(dppO).H20 VOBr2.xH2O/CH3OH /dppeO/C 2C 2  a/e 23

[VO(NH3)5 Br2  V0Br/4H at 240 K a/b/d 86

VOBr2(N13)6  VOBr3/N11 3 at 240 K a/b/d 86
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ADDUCT MIETHOD OF PREPARATION SPECTRO- REF
SCOP IC

DATA

VOBr2(C1I3OH )3  VOBr 2/CH3OH aid 91
VOBr3/CH OH a/d 91

VQBr2(~O) VOBr /EtOH a/d 91

VOrVOBr 3/EtOH a/d 91

Vr2(NH2Me)5  VOBr2/NH2Me a/d 91
VOBYr2(NHMe2)3  VOBr2 /NHMe2  a/d 91

VOBr2(NH2Me)6  VOBr3/NH2Me a/d 91

VOBr2(NHMe2)2  VOBr3/NHMe2  a/d 91

Spectroscopic key: a-near i.r., b-far i.r., d-diffuse reflectance

e-electronic solution
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1.5 OXOTETRABROIOVANADATE(IV) COMPLEXES

The [VOBr4
2- ion was first detected as an ionic species in solution.

Gutmann and Laussegger reported that the ion was formed when VO~r2 was

dissolved in ethanenitrile, trimethylphosphate and 1,2-propanediol

carbonate [92] and in nitromethane [93]. These solutions were

investigated by spectrophotometric, potentiometric and conductometric

methods. Early attempts to isolate anionic oxo-bromo complexes from

aqueous hydrogen bromide only resulted in reduction to vanadium(IIl),

and the formation of aquabromovanadate(III) complexes [96].

More recently, however, some solid EVOBr 4
- complexes have been

prepared [40,41]. Two compounds, EEt 4N]2 [VOBr4 and [pyH2[VOBr4J

were prepared by the reaction of vanadium(V) oxide tribromide with

tetraethylammonium bromide and pyridinium bromide respectively, using 4
nitromethane as solvent. [ Et4NJ2FVOBr4] could also be formed with

ethanenitrile as solvent but when the pyridinium reaction was carried

out in ethanenitrile, the complex[pyH-l[VOBr3(CH3 CN) 2] was formed.

The far i.r. spectrum of [Et4NI2 EVOBr 4 ] shows a complete and

reversible transformation within the temperature range 293-308 K.

Spectra were run on the same sample at 243 K, 308 K,and 243 K againto

study this transformation, and it was concluded [41] that the change was

due to a reversible equilibrium between two different geometric forms

of the [VOBr 4]
2  ion: a C4v form being stable at room temperature, a C2v

form being stable at lower temperatures. The C4v species is stable

at 308 K but only a very small percentage remains at 243 K. C4v species

are known to give only one strong band in this region. C2v species

show two strong bands in the region, as has been shown for [VOCI2(11e 3)2]t957.

In general the electronic spectra of the [VOBr4]
2 complexes

were analogous to those of their chloro-counterparts E37,74,75].

1.6 E.P.R. STUDIES ON VANADIUM(IV) COMPLEXES

1.6.1 Introduction

The theory oi electron paramagnetic resonance spectra can be found

in standard texts [96-99] and will not be discussed in detail here.

There have also been a number of books and reviews published, specifically
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dealing with the e.p.r. spectra of transition metal ions [100-104]

There is however no single source which enables a simple interpretation

of the e.p.r. spectra of vanadium(IV).

The computer simulation of vanadium(IV) e.p.r. spectra is an

essential part of their interpretation. The only detailed publication

upon computer simulation of vanadium(IV) e.p.r. spectra [105,1061

has been shown to be in error [107]. Since then, however, programs

have been developed [8 j which should enable a far more accurate

and detailed interpretation.

1.6.2 Isotropic Spoctra of Vanadium(') " CoL',exas

This section will concentrate on'the room temperature solution

spectra of vanadium(IV) complexes (i.e. a true isotropic situation).

In the absence of a nuclear spin on vanadium, only a single

resonance would be observed, due to the transition (is = -)--{m s =

However, 51 V (99.8% natural abundance) has a nuclear spin of 7/2,

and so there is coupling between the nuclear spin, I, and the electron

spin, S, in the absence of an external magnetic field. Thus, I and S

are not "good" quantum numbers, and must be replaced by F such that:

= 7/2 -1/2 = 4,3

This coupling is broken down by a strong magnetic field,giving rise

to eight possible electronic transitions governed by the selection rules:

Am = 0, Ams = ;l.

Thus an e.p.r. spectrum containing eight lines would be expected, with

seven equal hyperfine splittings.
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1.6.3 Second-Order Correction and the Briet-Rabi Equation

As already stated, the ideal situation for vanadium(IV) complexes

is that the hyperfine splitting between the eight lines is constant.

However, in practice, this is not the case. The splittings increase

going from low field to high field. This is due to a slight

non-linearity of the mI energy level splittings with magnetic

field (originating with the weak coupling between I and S at

low field strength). In order for giso and Ais o to be calculated

from this spectrum, a correction must be applied. The Breit-Rabi

equation [100,108j is an nth -order expansion:

EI : 2T2-4I -T + g9NmFH T! +-1

where - (21+1)A
2

x= (ggN)13HAW

AW

eh
N  = ] c

N

The second -order form of this equation is sufficient to explain

the non-linearity of the vanadium spectra. The relationships

between the experimental lines and the second-order correction

lines are given by
72

Hobs H - 7A

19A 2hObS
2 =H 2  -4H 242

HObs H 27A 23 :3 H-,

H obs H 31A 2

4~s =194 - T4-

" ,!- !19



obs H 31A 2

H5  =H 5  - -

Hobs H 27A2

6 - 6

Hobs H 7  19A 2
H7 7_H_ 7

Hobs H 7A2

8 =H 8  4H8

where Hobs = experimental position of the i th line
1

Hi = position after 2nd-order correction

As previously stated, a computer programr can be used to apply this

correction [89]

1.6.4 Anisotropic SpcC'tra of Vantadum(IV) Complexes

If a solution of a complex is rapidly frozen to 77 K, a glass is

formed. This glass gives rise to an anisotropic electron paramagnetic

resonance spectrum of sixteen lines. This is a complex spectrum,

consisting of two superimposed sets of eight lines (one due to

species aligned parallel to the field, and the other due to species

aligned perpendicular to the field). The major difficulty in

interpreting these spectra is identifying which lines belong to which

set. There are normally at least two equally likely assignments

possible. When the assignment (or assignments) have been made, the

second-order correction must be applied to these lines as follows.

For parallel species,

corr I ll -n2
Hobs Hc - A E1(+1-Hm = - ______

2 Hc o rr
m

For perpendicular species

2?2 2
obs = corr (An +AL) [I(1+l)-n, IH~b = Hcor

4Hcorr
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Thus, g, , g, Aw and A can be calculated. An iterative

computer program can again [89] be used to apply this second-order

correction to the experimental results.

If only the parallel or perpendicular components can be

identified, then the other can be calculated if the isotropic values

are known. The isotropic and anisotropic parameters are related as

follows:

1
giso = /3 (g + 2gj.)

Ais o = 1/3 (An + 2Aj)

1. 6. 5 Powder Spectra

In general, for solids, only a single broad absorption is cbserved.

It is extremely rare to see hyperfine splitting from the nucleus. The

three principal reasons for this are:

(a) Spin-lattice interactions

(b) Spin-spin interactions

(c) Broadening from (a) and (b) masks the hyperfine splitting

1.6.6. Vanadium(IV) c.p.r. literature

E.p.r. has been widely used as a technique to investigate the

structure and bonding in many vanadium(IV) complexes. However, most of

the work carried out has been concerned with oxovanadium(IV) chelates

[109-11?1 , and the treatment of e.p.r. spectral parameters has, with

some notable exceptions, been rather shallow. Where oxovanadium(IV)

complexes containing monodentate ligands (of the type VOX 2 Ln where X is

a negatively-charged monodentate ligand and L a neutral monodentate ligand)

are concerned, very little work has been done[29-31, 113,114] . The

most thorough work has been published by Oliv6 and Henrici-Oliv6 [29-311

(on complexes VOCI 2L2 produced in solution, but not isolated), and by

Stewart and Porte l1131 (on organometallic complexes). Two studies on

the e.p.r. of the [VOCl 4 - ion have been published [69,115] . Kon and

Sharpless [69] studied the e.p.r. of the LVOC! 4]2 - ion and compared it

with the e.p.r. of both the [CROCl 5 ] 2  ion and the [MoOCl52 -  Flowers

et al. [1151 carried out single crystal X-band e.p.r. studies of
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oxovanadium(IV) in the matrix [NH 4 ] 2 [SuCI 5 ] , which showed the

impurity ions to substitute in an antimony site of approximately C4v

five-coordinate symmetry. Molecular orbital and ligand field calculations

supported the assignment of the species responsible for the e.p.r.

signal as [VOC1 4i2I.

Olive and Henrici-OlivC [29-311 studied a family of oxovanadium(IV)-

phosphine complexes [29,30 ,[VOCl2(PR3 )2], with varying bulkiness of

the substituents R. Their e.p.r. spectra showed increasing linewidth with

increasing molecular volume. The linewidth variation, they suggested,

could be described by using an equation derived by Kivelson ct al. [116-117]

The spectrum of the compound [VOCl 2(Et3P)2 ] was obtained both at room

temperature in solution and in a rigid glass (2-methyltetrahydrofuran

at -140 °C). At room temperature, the signal obtained was characteristic

of the interaction of an unpaired electron of V(IV) with the 51V nucleus

(I=7/2) and with two equivalent 31 P nuclei (I='), the latter interaction

being responsible for the triplet splitting (1:2:1) of the eight

vanadium lines. A study was then carried out [31] of the e.p.r. of a

solution of VOC1 2 and tributylstibine in methylbenzene. The hyperfine

lines of 121Sb and 123Sb were well resolved in the outer parts of the

signal and values were obtained for the ligand hyperfine coupling constants.

Henrici-Oliv6 and Olive observed that a solution of VOCI2 and excess

Bu3Sb in tetrahydrofuran gave a pure oxovanadium(IV) signal showing no

interaction with the Sb nucleus. It was only when methylbenzene was

used as solvent that fine structure was observed. The results obtained

suggested that only one stibine molecule was coordinated to the vanadium.
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SECTION 2 EXPERIMENTAL METHODS

2.1. PRE'ARATION OF REAGENTS

2. 1.1 Vanadizim(IV) Oxide Dichloride

Anhydrous vanadium(IV) oxide dichloride was prepared by the method
previously used by Du Preez and Sadie [16]. A mixture of vanadium(IV)

oxide dichloride dihydrate (100 cm3 ) and thionyl chloride (500 cm3)

was heated under reflux for six hours under dry nitrogen. A green

solid was deposited and fumes of sulphur dioxide and hydrogen chloride

were evolved during the reaction. When the reaction was complete,

the evolution of gas ceased. After allowing the reaction flask to

cool to room temperature, the supernatant liquid was decanted, and

the green solid was dried ,,n vaoluo for'twenty-four hours so that

no thionyl chloride impurity remained. Analysis indicated a vanadium

to chloride ratio of 1:2.02. (Found: V, 35.35; Cl, 49.68. Calc. for

VOCl2 : V 36.96; Cl 51.44%).

12. 1. 2 Fyjidiniwn Chloride

Hydrogen chloride was passed through a solution of pyridine (50 cm3)
3

in diethyl ether (500 cm ). The white solid formed was collected by
3

filtration, washed with diethyl ether (20 cm3 ) and dried in vacuo.

2.2. PURIFICATION OF SOLIDS

2.2. 1 Ionic Chloride'

Tetraphenylarsonium chloride (ox Cambrian) and tetramethylamiionium

chloride (xBDH) were both dried in va:uo . Tetraethylammonium chloride

monohydrate (cx BDH) was dried by heating at 353 K in vakwo. The water

of hydration was lost and anhydrous tetraethylammonium chloride remained.

2.2.2 Other Solids

Triphenylarsine (cx Aldrich), triphenylstibine ( cx Aldrich),

triphenylamine ( -x Aldrich), triphenylphosphine (,x BDI),

triphenylphosphine oxide (cx Aldrich), tricyclohexylphosphine (,.r Maybridge)

bis(diphenylphsophino)methane (cx BDH), 1,?-his(diphenylphosphino)ethane

( ex BDH), diph-cnylsulphoxide (cx Fluorochem) and tetramethylthiourea

ex Aldrich) were used without purification. Tetramethylthiourea was

stored in a refrigerator at 275 K.
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2.3. PURIFICATION OF LIQUIDS

2.3.1 Vanadiwi(fV') Oxide Dichloridc )ilhdrate

Vanadium(IV) oxide dichloride dihydrate (ex BDH) was used without

further purification.

2.3.2. Thiony Z Cliorzde

Thionyl chloride (cx BDII) was used without further purification.

2.3.3. Nitrogen lPonor 'igayza'

Pyridine (ex BDH) was dried over calcium hydride and purified

by distillation in vacua.

2.3.4. Oxy/,acn Donoir Ligands

Tetramethylurea ( ex BDH), dimethylsulphoxide ( ,.x Fisons) and

hexamethylphosphoramide (cx Fisons) were all used without further

purification.

2.3.5. PhosphorUw ,cu0Wor LigandL"

Dimethylphenylphosphine ( ,x Maybridge) and methyldiphenylphosphine

( ex Maybridge) were both used without further purification.

2.3.6. Solvents

Ethanenitrile ( cx Fisons) was dried over phosphorus pentoxide
and purified by distillation Zn vacuo.

Tetrahydrofuran ((x Fisons) and dichloromethane (cx Fisons) were

dried by heating under reflux over calcium hydride and purified by

distillation at atmospheric pressure.

Diethyl ether (cx Fisons) was used without further purification.

2.4. PURIFICATION OF GASES

"White spot" ( < 1 ppm oxygen) nitrogen gas (r:, B.O.C.) was dried

by passage through columns of silica gel and phosphorus pentoxide

suspended on glass wool.

Hydrogen chiuride (,,.r Air Products) was dried by passage through

concentrated sulphuric acid.
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2.5. EXPERIMENTAL TECHNIQUES

2.5.1 Analytical Methods

Carbon, hydrogen, nitrogen ani chlorine were determined by

the microanalysis department of the Inorganic Chemistry Laboratory,

Oxford and also by the Butterworth Microanalytical Consultancy Ltd.,

Middlesex. Vanadium and phosphorus (organic) were determined w.-hen

necessary by The Butterworth Microanalytical Consultancy Ltd.,

Middlesex. Facilities in the Oxford departiient did not include

the use of a dry box for air-sensitive compounds and this accounts

for low analysis values occasionally obtained for halide.

2.5.2 Vacuum Line

Manipulations described as being performed in vaazio were carried

out on a standard vacuum line. Techniques used included filtration

and distillation. Descriptions of these vacuum techniques can be

found in standard sources [118,119 ] On one occasion filtration

was carried out using standard Schlenk-line techniques. These too

are described in detail in standard sources [119.

2.5.3. Dy Box

All of the vanadium(IV) complexes mentioned in this report are readily

hydrolysed by moisture in the atmosphere. Manipulations of vanadium(IV)

complexes were, therefore, carried out in a glove-box. The glove-box

was flushed continuously with dry nitrogen, and contained an open

bowl of phosphorus pentoxide.

Glassware and syringes were dried in an oven at 393 K and allowed

to cool in a dessicator containing silica gel before introduction to

the glove box. All common manipulations (e.g. mull and solution

preparation, filling of analysis tubes or e.p.r. tubes etc.) were carried

out in the dry box.

2.5.4. Infrared Spectrooscqy

Infrared spectra were measured on a Perkin-Elmer 457 spectrometer

(4000-250 cm-1 ).- Measurements were carried out using mulls of the

various compounds in nujol. Spectra were calibrated by recording

standard absorption frequencies for a thin polystyrene film (1601.5 cm
-1

and 1028 cm- 1 ) and for indene (590.8 cm- 1 and 381.4 cm- 1 ). Caesium

iodide plates were used for all mull measurements, and for indene

calibrations.
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2.5.5. Elcctionic Spec troccopy

Electronic spectra were recorded on a Unicam SP700C spectrophotometer.

Diffuse reflectance spectra were obtained using a standard attachment,

with magnesium oxide as reference.

2.5.6. 'l',Icron Paramaizetic ik'conanoc rwoSvttro-copy

(i) The Spectrometer

E.p.r. spectra were recorded on a Jeol JES-3BX ESR spectrometer

[120]. The important features of this instrument are illustrated

schematically in Fig 2.1.

Traces of first derivative e.p.r. spectra were made using a

servoscribe (Smith desk-type servoscribe potentiometric) chart

recorder. A chart speed of no more t6an 1 cm rain - 1, together with

a scan time of at least 30 min were found necessary in order to obtain

a well resolved spectrum.

A JES-VT-2 temperature controlling unit incorporated into the

spectrometer enabled solution spectra to be recorded at temperatures

in the region of 135 K. The unit operates by blowing cold nitrogen

gas through the sample cavity and the cavity temperature is measured

by means of a copper-constantan thermocouple probe.

(ii) Sample Preparation

Solid samples were loaded into standard quartz e.p.r. tubes which

were sealed with sealing wax and a sealing film to minimise the

possibility of hydrolysis.For solutions of vanadium(IV) complexes in tetrahydio-

Iuran standard e.p.r. tubes were again used. However, because ethanenitrile
exhibits high dielectric loss, solutions of complexes in ethanenitrile

were loaded into specially constructed liquid cells which allow a thin

film of solution to be trapped between two flat walls of thin quartz

glass. Concentrations of solutions of vanadium(IV) complexes uscd

were in the range 10- 3 m to 3.5x10 - 3 ,. These concentrations enabled

strong e.p.r. signals to be obtained, and yet were not sufficiently

high for spin-spin broadening to occur to a significant extent [97].

(iii) Operation of the Spectrometer

For work on solid samples of vanadiuni(IV) complexes, the modulation

amplitude used does not seem to be particularly important. Previous

work was carried out with the modulation amplitude set at 1BG [89] ,

whereas work reported in this thesis was carried out with the amplitude

set at 2 - 2.5G.
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(iv) Calibration of Spectra

The magnetic field per cm of chart paper was deterr'ined for

each spectrum by calibration with a powdered sample of magnesium

oxide containing manganese cations. The distan~e between the

third and fourth lines corresponds to 86.7G.

It proved to be vital that calibrations were carried out

under the same conditions (i.e. chart speed, scan time and sweep range)

as the spectrum recorded for the sample concerned. To illustrate

this, two manganese calibration spectra were recorded, under different

conditions, for the same vanadium(IV) spectrum. The first calibration

spectrum, run with a sweep range of ± 2000 G and a scan time of 60 min.
-1

gave a calibration of 39.25 G cm . After suitable scaling down,

the second calibration spectrum, run ,with a sweep range of ± 50OG

and a scan time of 30 min., gave a calibration of 41.65 G cm
-1

for the same spectrum. These results show how an error of 5-6 4
could be introduced by recording calibration spectra under different

conditions from those under which the original vanadium(IV) spectrum

was recorded.

Positions of resonance, and hence g-factors, for each spectrum

were determined by calibration with a powdered sample of l,l-dilhenyl-2-

picrylhydrazyl (DPPH): g=2.0036. Further details concerning calibration

and measurement of spectra can be obtained readily from standard

texts [96-991.

2. 5. ? Cornputc' Pro .rr.i

The two computer programs, ESRRT and ESRLT, used in this work

are written in Algol 60 for use on the Oxford University Computing

Laboratory 1906A computer. The programs [89] , were used to

interpret and simulate e.p.r. spectra. Computer programs such as

these are necessary in order to make unambiguous assignments of

spectral lines in anisotropic and complex isotropic spectra of axially

symmetric d systems.

ESRRT simulates isotropic spectra. The input data contains

approximate or accurate values of giso,'Also !nd ligand hyperfine
coupling constants (where appropriate). The data also specifies

abundances and nuclear spins of the metal atom and coupled ligands

and defines the experimental conditions. The program calculates the

positions of the theoretical, high-field nuclear hyperfine spectral
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lines by application of the Breit-Raoi second-order correction

[108] to the input positions of experimentally observed lines.

Values of giso and Ais o can then be extracted, and their reliability

checked by comparing the final simulated spectrum (generated from

these values) with the original experimental spectrum. The program

then applies the second order correction in the reverse sense and

simulates positions of resonance giving each line its correct

relative intensity and a suitable lineshape. Finally the program

differentiates the simulated e.p.r. absorption spectrum and an

annotated, calibrated, first derivative spectrum is plotted.

ESRLT (recently renamed ESRLOWTEMP following minor alterations) i
deals fairly similarly with anisotropic e.p.r. spectra. Here the

input data contains approximate values of g,, , g., All and Al

along with all the other input data mentioned for ESRRT. Experimentally

obtained anisotropic spectra often show complex fine structure due

to the superimposition of eight perpendicular nuclear hyperfine lines

on eight parallel nuclear hyperfine lines. It is extremely difficult

to unambiguously interpret such a spectrum. The input data for the

first simulation oF a spectrum includes measured distances of

parallel and perpendicular lines from the DPPII calibration line,

corresponding to a trial interpretation of the fine structure. The

program will use this data to calculate the different g and A values

and to simulate the spectrum. By comparing the simulated spectrum

with the experimental, it is often possible to see where adjustments

have to be made in the interpretation and measurement of the

experimental spectrum. The experimental spectrum is then remeasured

and the program used again with a new set of input data. A different

set of g and A values, and a different, and hopefully improved,

simulation will be obtained. This process may need to be repeated

a number of times before the simulated spectrum obtained corresponds

almost exactly to the original spectrum. In practice, this can

involve up to ten iterations. The final seL of g and A values are

then considered to be the most accurate set.
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SECTION 3 : EXPERIMENTAL

All the reactions described in this section were carried out

under dry nitrogen unless otherwise stated.

3.1. REACTION VOCl 2 WITH ETHANENITRILE
3Ethanenitrile (400 cm ) was distilled in vac-uo into a flask

containing green vanadium(IV) oxide dichloride (60 g). An

exothermic reaction took place immediately and the flask was

cooled to prevent excess local heating. A blue solution was

formed. After leaving the solution and any remaining solid to

stand for twenty-four hours at room temperature, the flask was

heated under reflux for two hours. The solution was then filtered

in vac o while still hot to remove impurities. The blue solution was

then kept at 243 K for fiteen hours, during which time a blue solid

formed. The flask was shaken vigorously to break up the solid, and

the blue powder was then filtered off in Va2w0o, washed with

ethanenitrile (20 cm 3), and dried zun'va-&o.

Analysis %C %H %N 22CI

Found 21.9 2.95 12.4 32.1

Required for VOCI 2(CH3CN) 2  21.84 2.75 12.74 32.24

The infrared spectrum confirmed the presence of coordinated

ethanenitrile in the complex. The method used in this preparation

is based on that used by Du Preez and Sadie [161. They found,

however, that their product was more consistent with the formulation

VOCI 2 (CI3CN) 2 .5. It is a well-known phenomenon that ethanenitrile

complexes of vanadium have varying stoicheiometries depending upon

the length of time for which they are evacuated[41.

3.2. REACTION OF [VOCI 2 (CH3 CN) 2] WITH PYRIDINIUM CHLORIDE AND

HEXAMITHYLPHOSPHORAMI DE

3.2.1 Mole R'at'zio 1:1.2:2. (V:pL ._:ha)

Oxodichlo-obis(ethanenitrile)vanadium(IV) (3.6 g) was dissolved

in ethanenitrile (75 cm3 ), giving a blue solution. Pyridinium

chloride (2.35 g) was added to this, and the reaction flask was left

to stand at room temperature until, after frequent, vigorous shaking,

all the pyridinium chloride dissolved to give a green solution.

30



3
Hexamethylphosphoramide (8.1 cm3 ) was added, finally, giving a

blue-green solution. The solution was left to stand at 243 K

for twenty-four :;ours, whence the blue-green crystals were formed.
3These were filtered off in vacuo, washed with ethanenitrile (10 cm

and dried in vacuo.

Analysis %C %H %N %Cl

Found 29.3 8.12 16.9 14.4

Required for VOCI 2 (C6H18N3 0P) 2 29.04 7.31 16.93 14.29

The infrared spectrum supports the identification of the

product as oxodichlorobis(hexamethylphosphorami de)vanadiurn(IV).

3.2.2. Largc Excoss oj" [pyii]C1 and hmnra

Oxodichlorobis(ethanenitrile)vanadium(IV) (I g) was dissolved
3in ethanenitrile (200 cm ). Pyridinium chloride (5.5 g) was added

to the solution followed by hexamethylphosphoramide (4.5 cm3).

When all the solid had dissolved, the blue-green solution was left

to stand at 243 K for forty-eight hours, whence royal-blue micro-

crystals were formed. These were filtered off i vacuo, washed
with ethanenitrile (10 cm3) and dried in vacuo.

Analysis %C %H %N %Cl "P

Found 38.0 4.3 9.3 33.1 3.6

3.2.3 Mole Ratio 1:1:1.2 (V:[yPT: V7' pa)

The preparation was repeated as in 3.2.1 using oxochlorobis-

(ethanenitrile)vanadium(IV) (1.8 g), pyridinium chloride (1.1 g),
hexamethylphosphoramide (1.9 cm3 ) and ethanenitrile (35 cm3). After

standing at 243 K for twenty-four hours, blue-green crystals were

formed. Light-blue solid was also deposited on the sides of the

flask. After vigorous shaking this solid broke away from the glass

as thin "plates". All the solid was filtered off -*, va,-14r, washed

with ethanenitrile (10 cm3 ) and dried in :;ac. After drying for

fifteen hourb, some of the light-blue solid had undergone a colour

change to light-green. The darker, blue-grecn crystals were separated

from the rest of the solid and were identified b% their infrared
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spectrum as oxodichlorobis(hexamethylphosphoramide)vanadium(IV):

no bands due to pyridinium cations were observed.

Analysis of the light-blue/light-green solid gave:

%C ,H %N ,lCl

Found 33.9 3.67 7.77 34.5

Required for [C5 H6 Nj 2 [ V1C I 4 ] 32.55 3.28 7.59 38.43

Tile light--blue and light-green solids were separated to some

extent in the dry box and infrared spectra were recorded for both

the blue-rich and green-rich saiiples. Both were similar to those

recorded at other times for[pylH2 [VOCl 4 Tsamples. Both spectra

confirmed the absence of coordinated hexamethyl phosphorami de.

3.3. REACTION OF [VOCI 2 (CH3 CN) 2 'WITH TETRAETHYLAMMONIUM CHLORIDE

AND IIEXAMETIIYIPHOSPI1ORAFII DE

Oxodichlorobis(ethanenitrile)vanadium(iV) (2 9) was dissolved

in ethanenitrile (75 cm3). Tetraethylammonium chloride (1.4 g) was

added, giving a green solution. Finally, hexamethylphosphoramide

(7.5 cm3) was added and the solution became blue-green in colour.

After allowing the flask to stand at 243 K for forty-eight hours,

the solution was concentrated to 25 cm3 by distilling off ethanenitrile

in vacuo. Blue-greencrystals were seen at this stage, and more of

these crystals were formed w-,hen the flask was again left to stand

at 243 K for forty-eight hours. The crystals were then filtered off

in vacuo, washed with ethanenitrile (10 cm3 ) and dried ih ......

Analysis %C H /N %Cl

Found 29.2 7.77 17.1 14.3

Required for VOCI 2 (C6HI 8 N3 PO) 2  29.04 7.31 16.93 14.29

The infrared spectrum confirmed the prescnce of coordinated

hexamethylphosphoramide and the absence of tetraethylaCmoniun cations.

3.4 REACTION OF [VOCl 2 (CH3 CN) 22 WITH PYRIDINIU-1 CHLORIDE AND

TRJPHENYLPHOSPHItJE OXIDE

3.4.1 i.,,lc ./ Lin 2:i.2:t. (.:[i,.,V' .'.. )

Oxodichlorobis(ethanenitrile)vanadium(]V) (2 g) was dissolved
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in ethanenitrile (75 cm3). Pyridinium chloride (1.3 g) was added

to the blue solution and a green colour resulted. Triphenylphosphine
oxide (5.5 g) was added to the solution and almost immediately a
pale-green powder was precipitated. The supernatant liquid remained
green. The flask was allowed to stand at room temperature for
several days and was vigorously shaken at regular intervals. The
powder was then filtered off in vaciuo, washed with ethanenitrile

(10 cm 3) and dried in vacuo.

Analysis %C N ZN %CI l
Found 62.2 4.56 0.00 10.4

Required for VOCI 2(CI8 HI5PO)2  62.27 4.35 0.00 10.21

The infrared spectrum confirmed the presence of coordinated
triphenylphosphine oxide and the absence of pyridinium cations.

3.4.2 Mole Ratio 1:5:2 ( V:[py,'J]* :Tr'I 3PO)
3.4.1 was repeated using oxodichlorobis(et)anenitrile)vanadium(IV) ]

(2.2 g) in ethanenitrile (200 cm 3), pyridinium chloride (7 g) and
triphenylphosphine oxide (5.5 g). Again some pale-green powder was
precipitated on addition of the triphenylphosphine oxide, but
the yield was small compared with that obtained in 3.4.1. Nevertheless
the powder was filtered off in vacuo, washed with ethanenitrile (10 cm3 )

and dried in vacuo. The green filtrate was collected and left to
stand at 275 K.

Analysis of the green powder gave:

%C H %N CICl
Found 61.7 4.38 0.00 10.4

Required for VOCI 2 (CI8H15PO)2 62.27 4.35 0.00 10.21

Again the infrared spectrum confirmed the presence of coordinated
triphenylphosphine oxide and the absence of pyridinium cations.

After several days standing at 275 K, blue-green crystals were
precipitated from the green filtrate. These were filtered off
in vacu , washed with ethanenitrile (10 cm 3 ) and dried ' i oIzwin.
The compound was identified by its infrared spectrum as being oxodich-
lorobis(triphenylphosphine oxide)vanadium(IV).
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3.5 REACTION OF [VOCI2 (CH3CN) 2 ] WITH PYRIDINIUM CHLORiDE

3.5.1 Moale Ratio 1:3 (V:[pyII1C1)

Oxodichlorobis(ethanenitrile)vanadium(IV) (2 g) was dissolved

in ethanenitrile (80 cm3 ). Pyridinium chloride (3.6 g) was added,

giving a green solution. After standing for twenty-four hours at

room temperature some light-coloured powder remained at the bottom

of the flask. It was not clear whether this was a light-green
3

product or simply white pyridinium chloride so ethanenitrile (60 cm

was added to redissolve the solid. The solution was left at 243 K

for several days and a light-green solid precipitated out of the

solution, which was then filtered off "n vacuo, washed with

ethanenitrile (10 cm3 ) and dried in vaozio. The green filtrate was

collected and left to stand at 243 K.

Analysis of the green powder %C %H %N %C1

Found 32.9 3.35 7.91 38.3

Required for [C5H6 N1 2 [ VOC14 ] 32.5; 3.28 7.59 38.43

The infrared spectrum confirmed the presence of pyridinium cations.

The green filtrate was left to stand at 243 K for a few days,

whence both royal-blue and green solids were precipitated. The

reaction flask was allowed to warm up to room temperature, and the

solid became uniformly green. The flask was cooled again to 243 K

and some blue colour returned. The flask was then left at 243 K

for three months, during which time most of the originally green

solid turned royal-blue. The solid was then filtered off ,'): vaz,,o

at 243 K using Schlenk-line techniques and was washed with cold

ethanenitrile. The blue solid was maintained at 243 K, dried

in varuo, and then allowed to warm slowly to room temperature. Some

of the blue solid underwent a colour change to green again. The blue

and grecn solids- were- then separated from one-o-nother in the dry box.

Analysis for blue solid %C %H %N %C1

Found - 32.1 3.61 7.61 40.2

Required for [C 5 H6 N]2 LVOCI 4 1 32.55 3.28 7.59 38.43

Analysis for green solid C r3 N 'Cl

Found 34.3 4.52 8.65 35.3

Required for[ C5 1162 LVOCl 4 1 32.55 3.28 7.59 38.43

The infrared spectra of the two compounds were marLedly dirfuent.
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3.5.2 Mole Ratio (1:4) (V: [I yIIycI)

Oxodichlorobis(ethanlenitrile)vnadiun(IV) (2 g) was dissolved
3in ethanenitrile (120 cm ). Pyridinium chloride (4.3 g) was added,

giving a green solution. After a few minutes a green precipitate

was observed. After standing at room temperature for an hour, some

of the solid had undergone a colour-change to royal blue. The

percentage of solid which was blue in colour increased gradually.

The flask was then left to stand at 275 K for two weeks. The solid,

now predominantly blue in colour, was filtered off 1ii oao:io, washed

with ethanenitrile (10 cm3), and dried i'n z'ooo. When the solid

had warmed to room temperature, it had become predominantly green.

Attempts at separating the blue and green solids proved to be

ineffective and so analysis was carried 'out on the mixture.

%%C

Found 36.6 4.09 8.39 34.8

Required for [C6H6N]2 VOC141 32.55 3.28 7.59 38.43

The infrared spectrum confirmed the presence of pyridiniuni cations.

3.6 REACTION OF [VOCI 2 (C 3CN) 2 - WITH IETRA[IHYLAMMONIUM CHLORIDE

Oxodichlorobis(ethanenitrile)vanadiull(IV) (2 g) was dissolved

in ethanenitrile (75 cm 3). Tetraethylmmionium chloride (2.6 g) was

added, giving a green solution. The solution was kept at 243 K for

forty-eight hours but no precipitate was seen. After allowing the flask

to warm to room temperature, the solution was concentrated to 30 cml3 by

distilling off ethancnitrile -,ui a ,'4c,. Green crystals were deposited at

this stage. The flask was then left at 243 K for a further two days and

more green crystals were formed. These were filtered off i,:,,,, washed

with ethanenitrile (10 cm3 ) and dried i'n vacuo.

Analysis 7C qH CN CI

Found 40.9 9.05 6.00 30.5

Required for [(C2H5)4N'2[VOC14 ]  40.95 8.95 5.97 30.22

The infrared spectrum confirmed tile presence of tetraethyl amnoniumu

cations.
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3.7 REACTION OF WVOCI 2(CH3CN)2] WITH TETRArIETHYLAMMONIUM CHLORIDE 7
Oxodichlorobis(ethanenitrile)ana:iuni(IV) (3.3 g) was dissolved in ethane-

nitrile (140 cm3 ,). Tetramethyldmmonium chloride (4.9 g) was added, giving a

blue-green solution. Both reagents took over twenty-four hours to dissolve

completely and then a short while later a very pale-green solid was deposited.

The solid was filtered off in vaco, washed with ethanenitrile (10 cm 3 ) and

dried in vacuo. It was clear that the solid was not in fact a homogeneous

pale-green solid but a mixture of pale-green and white solids.

Analysis %C %H ZN ;Cl

Found 29.7 8.33 8.98 32.9

Required for [(CH 3 )4N121V0CI 4] 26.91 6.78 7.85 39.72

The product was a mixture of the green [ M.e4N I21VOCI 4 1 and the white

starting material tetramethylammonium chloride. An attempt to repeat the

preparation gave an even more heavily contaminated product.

3.8. REACTION OF [VOCl 2 (CH3CN) 2 1 WITH TETRAPHENYLARSONIUN CHLORIDE

(a) Oxodichlorobis(ethanenitrile)vanadium(IV) (1.1 g) was dissolved in

ethanenitrile (90 cm 3). Tetraphenylarsonium chloride (4.4 g) was added, giving

a green solution. After standing at 275 K for a fcw days, the only solid

deposited was a small amount of white powder - presumably tetraphenylarsonium

chloride. This white powder was filtered off in vaouo. The green filtrate was

collected and left to stand at 243 K for forty-eight hours. The solution was

then concentrated to 20 cm3 by distilling off ethanenitrile in varuo. The

solution was kept at 275 K for twenty-four hours, by which time a green

solid had formed. The sol id was filtered off in o:%wu, washed with ethane-

nitrile (10 cm3 ) and dried -,i vz'ano.

Analysis %C %H ZN OCl

Found 59.8 4.16 0.00 14.6

Required for [(C6H5 )4 AsI 2 tVOCl 4 i 59.10 4.13 0.00 14.54

The infrared spectrum confirmed the presence of tetraphcnylarsoniun ....

cations.

(b) A second preparation was carried out with a similar 1:2 mole ratio.

Oxodichlorobis(ethanenitrile)vanadium(JV) (2 g) was dissolved in ethanenitrile

(lO cm 3). Tetraphenylarsonium chloride (7.7 g) was added to the blue solution.

After frequent, vigorous shaking over a period of half an hour at room

temperature all the solid dissolved to give a green solution. The solution wds

immediately concentrated to 20 cm3 hydistilling off ethanenitrile ;*, ,1--, .

The solution was then left to stand at room te-mperature for seventy-two hours

and large green needle-like crystals were formn,,d. lhese crystals were the',

filtered off 'u: ,' washed with ethanenitrile (5 cm3) and dried ',.
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The crystal form was lost during the evccuation and a light-green powder

resulted.

Analysis %C %H %N %Cl

Found 58.7 3.92 0.00 14.6

Required for [(C 6 H5 )4 As] 2 [VOCl 41 59.10 4.13 0.00 14.54

Again the infrared spectrum confirmed the presence of tetraphenylarsonium

cations.

A small amount of the product was dissolved in dichloromethane and

recrystallised. The product was crystalline.

3.9 REACTION OF [VOCl 2(CH 3CN) 2] WITH PYRIDINE

3.9.1 In Thtrahydrofuran

3.9.1.1 Mole Ratio 1:3.5 _V:py)

Oxodichlorobis(ethanenitrile)vanadium(IV) (2 g) was added to tetrahydrofuran

(75 cm3), giving a dark-blue solution. When pyridine (2.6 cm3 ) was added, the

solution turned green. The solution was then left to stand at 243 K for forty-

eight hours, whence a light-blue solid formed in very small yield. The solution

also became a lighter blue in colour. Tile solid was filtered off i~i vaciu,

washed with tetrahydrofuran (5 cm 3 ) and dried in vaouo.

Analysis %C %H %N %Cl

Found 38.1 3.99 8.58 23.0

Required for VOCl2 (C51H5N)2  40.57 3.40 9.46 23.95

The infrared spectrum for the product confirmed the presence of coordinated

pyridine.

3.9.1.2 Mole Ratio 1:6 (V:py)

Oxodichlorobis(ethanenitrile)vanadium(IV) (2 g) was dissolved in tetra-
3 3hydrofuran (125 cm3 ). Pyridine (4.5 cm ) was added, giving a turquoise solution.

The solution was left to stand for twenty-four hours at 433 K and a blue solid

was formed. The blue solid was filtered off 1z' va uo, washed with tetrahydro-

furan (5 cm3 ) and dried in vacwo. The yield of the solid was again very small.

An infrared spectrum was recorded and this confirmed the presence of coordinated

pyridine. The spectrum was different from that obtained in 3.9.1.1. There was

insufficient product for analysis to be carried out.

3.9.2 In ltkanomitrilc

Oxodichlorobis(ethanenitrile)vanadium(IV) (1.2 g) was dissolved in

ethanenitrile (50 cm3). Pyridine (2.7 cm3) was added, giving a blue-green

solution. After standing at 243 K for a week, the solution was

concentrated to 15 cm3 by distilling off ethannitrile In vaozuv. A pale

blue-green solid was precipitated and the solution darkened in colour.
The solution was evacuated to dryness giving a pale blue-green solid.

~37 ]



Analysis %C %H %N 1C1

Found 44.2 4.31 10.3 20.6

Required for VOCI2(CsH 5N)2  40.57 3.40 9.46 23.95

VOCl2(C5H5N)3  48.02 4.03 11.20 18.90

VOC12(C5H5N)2 5  44.78 3.76 10.45 21.16

Two infrared spectra were recorded for the product, the first soon

after preparation and the second after two months, by which time the

compound had undergone a colour change to green. Both spectra

confirmed the presence of coordinated pyridine, but the two spectra

were different from each other.

3.10 REACTION OF LVOCl 2(CH3CN) 2] WITH TRIPHENYLPHOSPHINE

3.10. 1 In Tetrahidarofuran

Oxodichlorobis(ethanenitrile)vanadium(IV) (2 g) was dissolved in

tetrahydrofuran (125 cm3). Triphenylphosphine (7.2 g) was added, giving

a royal-blue solution. After standing at 243 K for a few days, the

solution was concentrated to 25 cm3 by distilling off tetrahydrofuran

in vaoz'o. A dark-green solid was deposited at this stage. The solid

was filtered off in 'acuo, washed with tetrahydrofuran (10 cm3 ) and

dried in vacuo.

Analysis %C %H %N %Cl

Found 65.7 4.89 0.00 10.8

Required for VOC1 2(C18H15P)2  65.27 4.56 0.00 10.85

The infrared spectrum confirmed the presence of coordinated triphenyl-

phosphine.

3.10.2 7n F.anritr:c

Oxodichlorobis(ethanenitrile)vanadium(IV) (2.2 g) was dissolved in
3ethanenitrile (30 cm ). Triphenylphosphine (8 g) was added, giving a

blue-green solution. After standing at room temperature for a few

minutes, a dark green powder was precipitated in large quantity. The

solid was filtered off ', ,a-,o, washed in ethanenitrile (20 cm3 ) and

dried in vacoao.

Analysis %C OH AIN 'Cl

Found 65.8 4.59 0.00 10.9

Required for VOC1 2 (CI8 HI5 P)2  65.27 4.56 0.00 10.,5
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The infrared spectrum again confirmed the presence of coordinated

tri phenyl phosphi ne.

3.11 REACTION OF LVOCl 2 (CH3CN) 2 ] WITH TRICYCLOHEXYLPHOSPHINE

(a) Oxodichlorobis(ethanenitrile)vanadium(IV) (2.8 g) was

dissolved in tetrahydrofuran (90 cm3 ). Tricyclohexylphosphine (7.7 g)
was added, giving a blue-green solution. After standing at room

temperature for a few minutes, a light-green powder was precipitated

in large quantity. The solid was filtered off in Vacuo, washed with
3

tetrahydrofuran (20 cm3 ) and dried in vacuo.

Analysis %C %H %N %CI P

Found 51.5 ' 7.36 0.00 17.0 7.23

Required for VOCl2 (C18H33P) 51.69 7.45 0.00 17.9 7.41

The infrared spectrum confirmed the presence of tricyclohexyl-

phosphine.

(b) The preparation was repeated for the same mole ratio, but

with different quantities, namely oxodichlorobis(ethanenitrile)vanadium(IV)

(2.5 g), tetrahydrofuran (80 cm3 ) and tricyclohexylphosphine (6.8 g).

A similar light-green powder was precipitated.

Analysis %C %H %N %CI

Found 52.0 7.53 0.00 17.1

Required for VOCI 2(C1 sH33P) 51.69 7.45 0.00 17.19

Again the infrared spectrum confirmed the presence of tricyclohexyl-

phosphine.

3.12 REACTION OF LVOCI 2 (CH3 CN) 2 _ WITH DIPHENYLSULPHOXIDE

Oxodichlorobis(ethanenitrile)vanadium(IV) (2 g) was dissolved in

tetrahydrofuran (75 cm 3). Diphenylsulphoxide (5.4 g) was added, giving

a royal-blue solution. The solution was left to stand for a week at

243 K. A small amount of light-blue solid was deposited. T*he solution

was concentrated to 20 cm3 by distilling off tetrahydrofuran ): .: o.

The solution was left to stand at 243 K for a further two days and a

larger quantity of the blue solid was precipitated, which was filtered

in vamwo, washed with tetrahydrofuran (10 cm3 ) and dried in t's- ..
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Analysis %C %H %N %Cl

Found 58.4 4.60 0.00 9.4,

Required for VOCI 2(C1 2HoSO)3  58.07 4.06 0.00 9.66

The infrared spectrum confirmed the presence of coordinated

diphenylsulphoxide.

3.13 REACTION OF [VOCI 2 (CH3CN) 2 1 WITH DIMETHYLSULPHOXIDE

Oxodichlorobis(ethanenitrile)vanadiun(IV) (2 g) was dissolved in

tetrahydrofuran (75 cm3). Dimethylsulphoxide (4 cm3 ) was added,

giving a green solution. After a few minutes there appeared to be

a fine suspension of light blue-green solid in the solution. After

vigorous shaking, a turquoise oil separated from the green solution.

After further vigorous shaking, the oil became a light blue-green

solid and the solution darkened slightly. The solution was left

to stand for a week at 275 K, by which time more solid had been

deposited, and the solution had turned pale-green. The solid was then

filtered off in vacuco , washed with tetrahydrofuran (10 cm 3 ) and

dried in vacuo.

Analysis %C %H %"N %Cl

Found 19.1 5.27 0.00 19.0

Required for VOC 2 (C2H6SO)3  19.36 4.87 0.00 19.32

The infrared spectrum recorded for the compound confirmed the

presence of coordinated dimethylsulphoxide.

3.14 REACTION OF [VOCI 2(CH3CN)2 WITH TRIPHENYLSTIBINE

3.14.1. In Ethanenitriie

3.14.1.1 Mole Ratio l:3_(V:PhSb)

Oxodichlorobis(ethanenitrile)vanadium(IV) (1.8 g) was dissolved

in ethanenitrile (90 cm 3). Triphenylstibine (8.8 g) was added to

the blue solution. The solution, which did not change colour

appreciably on addition of the triphenylstibine, was left to stand

for twelve hours at room temperature, and then for a further three days

at 243 K. A pale solid was deposited. This solid was filtered ': ixecw-,

and the white needle-like crystals were washed with ethanenitrile
(10 cm3) and dried in va,.

40



Analysis %C %H %N

Found 61.3 4.50 0.00

Required for C18 I15Sb 61.23 4.28 0.00

The infrared spectrum confirmed that the white compound was

triphenyl stibine.

3.14.1.2 role Ratio 1:1 t(:h 3Sb)

The reaction was repeated with oxodichlorobis(etlanenitrile)vanadium(IV)

(2.6 g), ethanenitrile (60 cm 3) and triphenylstibine (4.2 g). The

reactants did not dissolve readily, even after frequent, vigorous shaking.

More ethanenitrile (30 cm3 ) was added. The reactants still did not V
dissolve, but the solution darkened, gradually, to a fairly dark blue,

and some heat was evolved. After leaving to stand for forty-eight

hours at room temperature both the solution and the remaining solidg

had become black in colour, suggesting reduction had occurred.

3.14.2 In Te tra iydrofuran

Oxodichlorobis(ethanenitrile)vanadium(IV) (1.5 g) was dissolved in

tetrahydrofuran (80 cm3 ). Triphenylstibine (7.2 g) was added, giving

a royal-blue solution. The solution was left to stand at 275 K for

twenty-four hours, during which time a white precipitate forned. The

solution was allowed to warm to room temperature and it became dark-blue

in colour very rapidly. The solution was then left to stand for twenty-

four hours in a dark place but the colour continued to darken and

a blue-black solid was deposited. The dark solid was filtered off .

vacuo, washed with tetrahydrofuran (10 cm3) and dried ii. zacio.

Analysis %C /cH 0'N %C1

Found 9.32 2.39 0.44 2.95

The infrared spectrum recorded for the dark solid was similar to

those of vanadium oxides.

3.15 REACTION OF [VOCI2 (C[H3CN) 2 IWITH TRIPHENYLARSINE

Oxodichlorobis(ethaiieitrile)vanadium(IV) (2 g) was dissolved in

ethanenitrile (100 cm3). Triphenylarsine (2.8 g) was added to the

solution but the royal-blue colour remained unchanged. Some heat was

evolved as the solids dissolved. The solution was left to stand at
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room temperature for six weeks, by which time only a small amount

of white solid remained undissolved. This solid was filtered off

in vacuo. The royal-blue filtrate was collected, and left to stand

at room temperature for a further two days. The solution was

then concentrated to 20 cm3 by distilling off ethanenitrile -'r

Blue crystals and a light-grey powder were both deposited at this

stage. All the solid was filtered off iii raCo, washed with

ethanenitrile (10 cm3 ) and dried <L vac;w. The blue crystals were

then separated from the grey solid in the dry box, and were identified

by their infrared spectrum which was identical to that obtained for

the oxodichlorobis(ethanenitrile)vanadium( ]V) starting material.

Analysis was carried out for the grey solid.
C 01j I;, ii

Found 68.2 5.07 0.00

Required for CI8HI5As 70.60 4.94 0.00

The infrared spectrum for the grey solid was identical to the

spectrum of triphenylarsine.

3.16 REACTION OF [VOCI 2 (CH3 CN)?.] WITH TRIP FNYLAjKIE '

Oxodichlorobis(cthanenitrile)vanadium(IV) (2.4 g) was added to
3ethanenitrile (125 cm ). Triphenylamine (4.8 g) was added to the

solution and a turquoise colour resulted. Large propoi tions of both

reactants remained undissolveci despite vigorous shaking and the

solution was left standing at room temperature for eighteen hours.

The solution turned green-brown in colour and a white solid formed

in large quantity. After standing at room temperature for a few days,

the white solid was filtered off 7.' aco', washed with ethanenitrile
3(10 cm ) and dried in z'~czxo. The green-brown filtrate was collected

and left to stand for a few days at 275 K, by which time both blue

crystals and more white solid had formed. After a further week at

275 K the blue crystals became contani nated with black impurity and

the solut;on was discarded.

Analysis of the white solid C 'N

Found 88.P 6.40 5.S 2

Required for C181115N 80.13 6.16 5.71
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The infrared spectrum for the white product was identical to that

of tri phenyl amine.

3.17 REACTION OF [VOCl 2 (CH3 cN) 2 1 WITH -ETRAIETHYLUREA

Oxodichlorobis(ethaneitrile)vandiuiii(IV) (2.8 g) was added to

ethanenitrile (65 cm3 ). Tetramethylurea (3.5 cm3 ) was added,

giving a turquoise solution. Despite frequent, vigorous shaking,

a little vanadium salt remained undissolved and so the solution was

left to stand at room temperature. After a few days, not only had

all the oxodichlorobis(ethancni trile)vanadium( IV) dissolved, but

turquoise crystals had been precipitated. These crystals were
3filtered off va',zcuo, washed with ethanenitrile (10 cm3) and dried

, I

Analysis %C %H ;N ,C

Found 32.1 6.70 15.0 18.8

Required for VOCI2(C5HI2 N20)2  32.45 6.54 15.14 19.15

lhe infrared spectrum for the compound confirmed the presence of

coordinated tetramethylurea.

3.18 REACTION OF [VOCI2 (C13CN)2 ] WITH TETRAHETHYLTHIOUREA

3.18.1 in Ftanoritrile

Oxodichlorobis(ethanenitrile)vanadium(IV) (2.7 g) was added to

ethanenitrile (80 cm3 ). Tetramethylthiourea (3.6 a) was added, giving

a turquoise solution. Despite vigorous shaking, not all the oxodichloro-

bis(ethanenitrile)vanadium(IV) dissolved and, within a few minutes, a

light green powder had formed as well. The solution was left to stand

at room temperature for twenty-four hours and all the starting material

dissolved, leaving only the light-green powder. The powder was filtered

off in vaopo, washed with ethanenitrile (20 cm 3 ) and dried CT. x,.

Analysis %C 11 N QCl

Found 29.3 6.03 13.7 17.2

Required for VOCi 2(C5H12N2S)2  29.86 6.01 13.93 17.62

The infrared spectrum for the light-green product confirmed the

presence of coordinated tetramethylthiourea.
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3. 18. 2 In Tetraihydof'an

Oxodichlorobis(ethanenitrile)vanadium(IV) (1 g) was dissolved

in tetrahydrofuran (65 cm3). Tetramethylthiourea (1.3 g) was added,

giving a royal-blue solution. After a few minutes a light-green

powder was precipitated but only in small quantity. The solution

was then left to stand at 275 K for a week but no extra precipitate

was deposited. The solution was then concentrated to 15 cm3 by

distilling off tetrahydrofuran in vacuo. More light-green

precipitate was deposited which was then filtered off i77 vciaeo,

washed with tetrahydrofuran (10 cm3 ) and dried inz'zcwo.

Analysis /C Z'H kN ICl

Found 28.5 5.82 13.3 16.7

Required for VOCI 2 (C5H1 2N2S)2  29.86 6.01 13.93 17.62

Again the infrared spectrum confirmed the presence of coordinated

tetramethyl thiourea.

3.19 REACTION OF [VOCI 2 (CH3 CN) 2 ]WIH MHTIiYLDIPHENYWII'OSPII1WE

Oxodichlorobis(ethanenitrile)vanadi um(IV) (2.83) was dissolved in

tetrahydrofuran (125 cm3 ). lethyldi phenyl phosphi ne (6.7 cm3 ) was

added giving a dark blue-green solution. The solution was left to

stand at 243 K for twenty-four hours. Since only a little green

solid had precipitated, the solution was concentrated to 20 cm3 by

distilling off tetrahydrofuran -. oazuao. Dark-areen, plate-like

crystals were precipitated in a large quantity and these were left

to stand at room temperature for twenty-four hours with frequent, vigorous

shaking. They were then filtered :'L zac o, washed with tetrahydrofuran

(10 cm 3 ) and dried -'n vacio.

Analysis %C 1 4 Cl

Found 58.3 5.40 0.00 13.0

Required for VOCl 2(C1 3H1 3P)2  58.01 4.87 0.00 13.17

3.20 REACTION OF LVOC1 2 (CH3 CrI)2 14ITH DIrK, THYLPHLYLPtlOSPIrIl;E

Oxodichlorobis(ethanenitrile)(IV) (2 g) was dissolved in
33tetrahydrofuran (50 cm ). Diimetlhyl phenyllphosphi ne (2.8 cm3 ) was

added, giving a dark-green solution. The solution was left to stand

at ?43 K for twenty-four hours. Since only a little green solid had
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precipitated, the solution was concentrated to 10 cm3 by distilli,,g

off tetrahydrofuran in v uo. There was still no snlid present So

the solution was left to stand at 243 K for a further week. The

supersaturated solution solidified completely at 243 K, but when it

was allowed to warm to room temperature, it became an oil, leaving

no solid. Eventually, after a further period at 243 K, the compound

was filtered zn7 vacuo as it was warming to room temperature and a

very small yield was obtained. The dark-green solid was washed

with tetrahydrofuran (2 cm3 ) and dried in vxo. The solid obtained

was extremely oily in nature and a satisfactory infrared spectrLm

could not be obtained.

Analysis %C IM XN :Cl

Found 44.2 5.73 0 .00 15.9

Required for VOC1 2 (C8HIIP)2  46.40 5.35 0.00 17.12

3.21 REACTION OF LVOCI2(CH3 CN) 2 ] WITH BIS(DIPHENYLPIIOSPIIINO),'ETHAN. E

Oxodichlorobis(ethanenitrile)vnadium(IV) (1.1 g) was dissolved

in tetrahydrofuran (50 cm3 ). Bis(diphenylphosphino)methane (2 g)

was added, giving a royal-blue solution. The solution was left

to stand at 243 K for twenty-four hours and, since no solid had

formed, it was then concentrated to 20 cm3 by distilling off

tetrahydrofuran -I? Z'aauo. Royal-blue crystals were deposited from

the blue solution. The solution was left to stand for a week at 275 K,

and was shaken at regular intervals. The crystals were then filtered

off -"n vacuo, washed with tetrahydrofuran (10 cm3 ) and dried -%.

Analysis for the blue crystals C X'H "11 CI

Found 57.3 6.11 0.00 10.5
Required for VOCI 2 (C25H22 P2 ) 57.50 4.25 0.00 13.58

The infrared spectrum, as well as suggesting that slight hydrolysis

had occurred, confirmed that bis (di phenyl phosphino )methane was present.

3.22 REACTION OF[VOCI2(CH3CN)2 WITH 1,2-IS(DIPE IYLPh1OSPHIN 0)E[ThAF

Oxodichlorobis(ethanenitrile)vanadium(IV) (1.7 g) was dissolved

in tetrahydrofuran (100 cm3). 1,2-bis(diph enyll)hosljhino)ethan:

(3.5 g) was added, giving a blue solution. The solution was left to

stand at 243 K for three days and, since no precipitate resulted, the
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solution was concentrated to 20 cm3 by distilling of tetrahydrofurdn

in vacuo. After standing for a further day at 243 K a green solid

was precipitated. The green powder was shaken vigorously at

regular intervals and was then filtered off in oacuo, washed with

tetrahydrofuran (20 cm3 ) and dried in vac;uo.

Analysis %C M %N %CI

Found 57.4 4.62 0.00 12.9

Required for VOCI 2 (C26 H2 4P2 ) 58.23 4.51 0.00 13.22

The infrared spectrum confirmed that 1 2-bis(diphenyl phosphi ne)ethane

was present.
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SECTION 4: RESULTS AND DISCUSSION

4.1. DISCUSSION OF EXPERIMENTAL RESULTS

4.1.1 I]ntioducltion

The aim of this project was to prepare various complexes,either of

the form [VOCl 2 L (where L is a neutral ligand) or containing ; VOCI42

characterise them, and to carry out e.p.r. studies on them. Past

e.p.r. studies on complexes of the type VO! r 2 L? had suggested that

the amount of hyperfine structure seen in the e.p.r. spectrum of

the solid sample depended on the size of the ligand L. [89] . Similarly

with EVOBr 4
] 2 - complexes, the amount of hyperfine structure depended

on the size of the cation present. The complexes preparel and studied

in this project were chosen so as to have a wide range of ligand and

cation sizes.

The preparations, which are described in Section 3, all involved

ligand exchange except for the initial preparation of oxodichlorohis-

(ethanenitrile)vanadium( IV) (Section 3.1). Ethanenitrile reacted with

vanadium(IV) oxide dichloride to give LVOCl 2 (CH3 CII) 2 ]1 a blue powder.

This compound was prepared as a starting material for the preparation

of the desired complexes by ligand exchange reactions with other

ligands. Oxodibromotri s(ethanei trile)vanadi ur(IV) had previously

been used successfully in the preparation of [VOP.,r 2 (Ph 3 P) 2 1, [VOr 2 (pY) 3

and [VOBr 2 (4-pic.)] [40,88] . The blue powder described in Section

3.1 analysed as[ VOCI 2 (CH3 CN) 2] and not VOCI 2 (CII 3 CN) 2 .5 as reported

by du Preez and Sadie [16] . This difference is due to the weakc(uss

of ethanenitrile as a ligand, which frequently leads to non-stoicheiometry

in complexes, owing to the ready evolution of ethanenitrile at room

temperature zn vaoo. For example, Clark ,-t ,Z.[ 121 _. found that when

they reacted anhydrous vanadi um(IlI) chloride with ethanenitrile, the

product obtained varied in composition betw'een LVCl 3 (CII 3 CN) 3 1 and

VC1 3 (CII 3 CN) 4 . Nicholls c, -. have alsu reported this problem, both

in the preparation of LVCl 3 (CU3CN) 3 ] by reacting[ PCl 4] [VC1 5  with

ethanenitrile [122], and in the preparation of [ VOBr 2 (CU3CN) 3  from
VOBr 3 and ethaneiiitrile C40,41-.

Ligand-exchange methods have been widely used for the preparation

of many transition metal complexes, but, surprisingly, have been alost

ignored for the preparation of oxovanadi um(L IV) compleXes (see Tabiles 1 .1-1.5)

[VOCl 2 (thf) 2 ] has been used by Datta and Hamid L201, but the start iuig
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material [VOCl 2(CHCN)2] is particularly suitable in that its

preparation on a large scale is ext:-emely facile, and ethanenitrile

is so readily displaced as a ligand. It dissol,'es readily in

ethanenitrile (to give a royal-blue solution) and in teirahydrofuril

(to give a dark-blue solution). The difference in colours suggested

that tetrahydrofuran had replaced ethanenitrile, forming the complex

[ VOCl2 (thf) 2 ]in siu. This complex, was, however, not isolated.

The only ligands investigated which did not replace ethanenitrile

readily .'re triphenylstibine, triphenylarsine and triphenylamine

(Sections 3.14-3.16), all of which are themselves only weakly basic.

The types of ligand replacement reactions observed are illustrated

by the following equations:

[ VOC1 2 (CIi 3 CN) 2 ]+ 2ACI - A2 [VOC 4 ] + 2CH3Ct

[VOC 2 CH3CN) 2 ]+ ?L--- V0CI 2L ] + 2CH 3 C

In these equations A is a ction, L is a neutral monodentate or

bidentate ligand and n = 1, 2 or 3.

4.1.2 Anioaic Complexes

The [VOCl 4]
2 - ion itself has never been the subject of a single-

crystal X-ray structure investigation. A study has been carried out
2-

on the [TiOCl 4 ] ion [68] showing it to have C4 v symmetry and I-VOC4 -

has been assumed [681 to have the same symmetry, although no

molecular parameters are known. Spectroscopic data forLVOC.14
-

complexes has rarely been reported in great detail (see Table 1.6)

and these complexes were prepared, not only to study their e.p.r.

spectra, but also to investigate their infrared and diffuse reflectance

spectra, and hopefully to prepare a crystalline sample suitable for

X-ray studies.
[ Et4N.2 [VOBr 4] has been the most studied [VOBr41

2  complex,

and there have been very interesting observations in both the

infrared spectrum of the compound [40,411 and the e.p.r. spectrum 89].

The e.p.r. spectrum of a solid sample showed hyperfine structure due
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to interactions of the unpaired dI electron with the V

(I= 72) nucleus. In contrast the e.p.r. spectrum for [pyH] 2  0.03r 4

gave a simple first-derivative curve. This difference was

attributed to the difference in cation size and it was this

observation thatinfluenced the choice of [VOCI4y2- complexes studied

in this project. The four LVOC1412- complexes prepared were, in
order of increasing cation size,[ pyH] 2 VOCI4 !, [e 4 Nq2 [ VOCI4 ,

[Et 4N]2 [VoCl 41 and [Ph 4As.l 2 
[ VOCl4-] . The tetramethylaimtonium

cation is of a similar size to the pyridinium cation but because

the pyridiniurn cation is planar, the tetramethylammonium cation

can be considered to be stereochemically more bulky.

All four preparations were carried out in ethanenitrile.

[Et4N]2 LVOC1 4] was isolated as green crystals but these were, unfortunltcly.

not suitable for single-crystal X-ray studies [123]1. The crystals

were twinned (U.,. two different orientations of a lattice existed

in what was apparently one crystal), which made the crystals

unsuitable for X-ray structural analysis[ 124] _ [t 4 N]2[VOBr 4

has also been shown to be twinned and heouce, single-crystal X-ray

structure studies were not possible for this complex either L 123a'.

E pyf{ 2 [ VOC1 4 . was prepared as described in Section 3.5. It

had previously been reported as a green solid [72] but at 243 K the product

obtained in the reactions described in section 3.5 was predominantly

royal-blue. At room temperature (295 K) the product became green in

colour. At first this was interpreted in terms of a solvation effect,

since compounds like [pyHhl2 LVOCl 4 ].2H20 and [quinH] 2 [ VOCI 4 ].2H2 0

had been previously prepared as blue solids [72]. However, the blue

solid was isolated and its infrared spectrum revealed the absence

of ethanenitrile. Analysis figures and the infrared spectrum for

the compound sL'gested that the product was [pyH] VOCl41. The

different .colours were interpreted as being due to an equilih.,ium

between two geometrical isomers, namely the [VOCI4] 2- species in

C4v (square pyramidal) and C2v (trigonal bipyramidal) symmetry states.

This type of equilibrium has been observed previously for the [VOF 4 ]

ion in solution, where n.m.r was used to show the existence of an

equilibrium [125], and for LVODr 4
- where the far-infrared spectrum

of[ Et4N02 [VObtr 4 ] showed there to he a temperature-dependent

equilibrium [40,41]. In the latter case, the C4v sCate w3s stahle at
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308 K, and the C2v state stable at 243 K.

As well as being temperature-dependent, the colour of [pyH 2

[VOCI 4 appeared to depend on the chloride ion concentration in

the mother liquor. In Section 3.5.2 when the mole ratio (V:pyiCI)

was 1:4, a blue colour was observed at room temperature, whereas,

in Section 3.5.1 when the mole ratio (V:pyHCI) was 1:3, the blue

colour did not appear until the reaction flask had been cooled

at 243 K for some time. In Section 3.2.2 the reaction between

pyridinium chloride, hexaj,;ethylpho .hoi-amide arid oxodichlorobis-

(ethanei [ri le)vanadiuii( V) is described. ioth pyridiniui chloride

and hexamethyl pho ;po'emide were in large exct~ls c:id the product was

a royal-blue solid. Analysis figures sugJest(d that therc. ',.'as

hexar. ethyl pholiornride present in the product, anid that tie product.

was probably a complex, EFYHJ,2 [Vr4 .h'I,, , where .:- was ,pi,roxir d te' y

0.7. The infrared spcctruim for the product, reported in S(ction 4.2, sio,..'s

that very little heamethyllphOslhOram ide is present. The absence of

a strong band in i.he e1Gt1-990 cmI region is particularly striking.

It is possihe, therefoiv, that the sa:iple analysed was not completely

dry. The hexai".ethylphusphoraidc present does however appear to

stablilise the blue form of CVOC 4] 2 - at room temperature and

the infrared spectrum fur the product is very similar to that of the

blue fpy"lJ.VOC'l4] siimpl ohtain d in the absence of hexarethylphos-

phorami de.

The analysis figure' quotcd for the various smples of grreen and

blue fpyHJ2( JC141 often seem to be porticularly low for chloriie.

The two higher chlorine analysis fijurCs of 38.3 and 40.2 quotcd in

Section 3.5.1 were both obtained by sending samples to the [utterorth

Hlicroanalytical Company (see Section 2.5.1) for analysis, which was

carried out under an inert nitrogen atr-osphere. The remainder of

the analyses, however, were obtained under conditions where hydrolysis

of the V-Cl bonds occurred to some extent. Although this resulted in

low chlorine analysis figures, the figures were still in the range which

might be expected for the prodict being [pyil] 2 ',vCcl41.
The preparation of [.e4412 ["'0C14-] by the method described in

Section 3.7 was on the whole unsatisfactory. The product ohtaincd was

predominantly hite tetramethylammoni urn chloride, but the green solid

present was sho-;n to be 1".e 4 ,1 2 -V0Cl4j by its infrared spectrutm. It

is interesting that, whei.cas , on addition of the chloride in the other
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preparations, the blue solution turned green, on addition of tetra-

methylammonium chloride, a blue-green colour was seen. This suggested
that only partial reaction had occurred, a fact confirmed by the impure

product. The main reason for wishing to prepare [Me4N]2 [VOCl 4 ] was

to study its e.p.r. spectrum. Since [Me4N]Cl does not give any

e.p.r. signal, an e.p.r. spectrum could still be recorded for the impure

product and results interpreted in terms of a signal due to [Me4 1"72 [ VOC1 4 ].

These results are discussed in Section 4.4.

The reactioi giving rise to[Ph4 As] 2[VOCi 4] is described in Section

3.8. The tetraphenylarsonium cation was chosen as a large cation because
single-crystal X-ray studies of the compound [Ph4As CrOCl4] had already

been reported 126]. The[ CrOCl4] - ion is isoelectronic with the

[VOC14 ] ion and it was hoped that crystals of PhAs 2 [VOC1 4 1would

be prepared. Although most samples of this compound prepared were light-

green powders, as in the cases of mostEpyi]2LVOCl4] samples, green

needle-like crystals were formed at one stage (section 3.8(b)) and

a small sample of [Ph 4As] 2LVOCl 4 ] was later recrystdllised from

dichloromethane. However, no crystals suitable for crystallographic

study were obtained.

4.1.3 NeutraZ Complcxces

A series of [VOCl2LJ] adducts were prepared using the same ligand

exchange method. Ethanenitrile and tetrahydrofuran were employed as

solvents. They are coordinating solvents, and it is possihle thot some

of the colours seen in the reactions were due, not to the product eventually

isolated as a solid, but to a different species of the form VOCl 2I XM (where

X is CH3CN or thf) and where n may in some cases be zero. This phenomenon

has been observed in the equilibrium

[ VOir 2(Ph3P)2] h [VOr 2 (Ph3P)(thf)] -
h  LVOfr 2(thf)2

Ph 3P Ph 3P

which has been investigated using e.p.r. [89]. If dissociation of this

form is shown to be a regular occurrence, then many results reported

previously, discussing electronic spectral studies. and e.p.r. studies on

solutions of oxodihalovanadiu'(IV) complexes in coordinating solvents,

must be open to doubt L z'. 26,51,64].

The reaction of oxodichlorohis(ethaneritrile)vnadiuwi(IV) with

pyridine is described in Section 3.9. The products i.olated (ave analysis
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figures and infrared spectra which suggested that the products

were mixtures of [VOCl2 (py)2] and [VOC12 (py)31, the former being the

major constituent in 3.9.1.1 and the latter being the major constituent

in 3.9.1.2. In 3.9.2, the two infrared spectra recorded suggest

that although the initial product was a mixture, after two months the

product was mainly[ VOCl 2(py)2]. On heating z'czc:,,[VO3r2(py)J]

is known to lose a mole of pyridine [1271 and it has also been

suggested that e.p.r. studies show the dissociation of[VOBr2(py)3 _

in methylbenzene to yield [VOBr2 (py)ji 289].

PhCH
[VOBr2 (py)3- hH3_-3 LVOBr 2(py)21 + py

py

In pyridine solution the equilibrium shifts to the left. This is

therefore in accord with ,OCl 2 (PY) 3 ] being unstable at room temperature.

Of the oxygen-donor ligands studied,dimethylsulpho:xide and diphenyl-

sulphoxide yielded light-blue powders (sections 3.13 and 3.12) of

the form [VOCl 2 L3. This is particularly interesting in the dimethyl-

sulphoxide case, since, in the VOBr 2 system the ionic 2VO(dmo)5]0r2

is formed. Here, however, even with a l:6(V:dmso) mole ratio, only

the 3:1 adduct was formed. Although this complex had already been

reported [53], it was thought that a 5:1 adduct might he formed with

a large excess of dimethylsulphoxide. The complexes [VOCl 2 (twu) 2 1 and

EVOCl 2 (tnitu) 2] were isolated as turquoise crystals and a light-green

powder respectively, tetramethylthiourea being the only sul jhul-donor

ligand studied.

By far the most interesting set of adducts fomed were thuse with

phosphine ligands. As mentioned in Sections 1.2 and 1.4, very few

oxovaradium(IV)-phosphine complexes are known. The ligand-exchange method

using EVOCl 2 (C 3GN)2 'seems to provide a relatively straightforward

synthetic route to phosphine complexes. With [VOPr 2 (CH3Cr) 3  as
starting material,[ VOBr 2 (Ph 3 P)?7 had previously been prepared C 40-1 as

a green solid. The first phosphine complex studied was the chloro-

analogue, [VOC 2 (Ph3 P) 2 '. The preparation is described in Section 3.10.

The complex pricipitated as a green powder from hoth tetrahydrofuran and

ethanenitrile as solvents. E VOIrr2 (Ph3P)21 was shown to have a trigonal

bipyraraidal strim.ture by i.r. studie. r 40,4? ]and im.ilar studies

on [VOCl2(Ph 3 ')7 are disused in Section 4.2. The rectirn of

oxod i ch1 orobis(cthnniit rile)va nadi (,IV) with tri yc1ohxyl1 ho';phi ni
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described in Section 3.11. The lighi-green powder obtained was

analysed as[VOC 2 (cy 3Pji. This was orly the 1:1 adduct formed with

a monodentate ligand. Tricyclohexylphosphine is a bulkier ligand I
than triphenylphosphine. Sections 3.19 and 3.20 describe the reactions

of [VOCl 2 (CH3CN) 2] with twu other monoduntate phosphine ligands, namely

methyldiphenylphosphine and dimethylphenylphosphine. Whereas in the

other two phosphine reactions a green solid was precipitated almost

immediately, [VOCI 2 (Ph2PeP) 2], a dark green solid, took many hours to

form and in the latter reaction a dark green oily solid was obtained.

Although the analysis figures for this solid suggest the forimlation

EVOC1 2(PhMe 2 P)2], it was impossible to prepare i reasonable ri'jol irUll

of the complex and hence the infrared spectrum for the coi;pound was

difficult to interpret. Two bidentate phosphine ligands, bis(diphenyl-

phosphino)methane and 1,2-1)is(di phenyl phosphino)etkne, were studied.

As described in Section 3.21, with bis(dilhenyll)hosphino)methane, royal-

blue crystals \..'cre formed but these were partially hydrolysed during

evacuation to dryness, which accounts for the low analysis fiqure for

chlorine. The analysis figures are, despite this, reasonable enough to

confirm the presence of a 1:1 adduct [VOCl 2(dppm). Considering the

similarity of the other bidentate l igand, it was sur)rising that the

product,[ VOCl2(dppe) ]described in section 3.22, should be a green powder.

This may be due to a difference in structure between the two products.

Four of the oxodichlorovanadium( IV)-phosphine complexes prepared have not

previously been reported. Olive and Henrici-Oliv6 [9-31] carried out e.p.r.

studies on oxovanadium(IV)-phosphine complexes in solution. These studies

are discussed in greater detail in Section 1.6. They observed ligand

hyperfine structure in their spectra due to P(Izl) atoms. [.p.r.

studies on both solid samples and solutions of phosphine complexes

mentioned in this discussion are described in Section 4.4. Oliv& and

Henrici-Oliv' Dl also went on to study a solution containing VOC12 and

Bu3Sb. Since they observed ligand hyperfine structure due to 12Sbh,

they concluded that they had formed an oxodichlorovanadium(V)-stibine

complex. The e.p.r. spectrum obtained suggested that the species was

the four-coordinate L VOCl 2(Bu3Sb)1 . This complex would be four-coordinate

due to the large size of the stibine ligand. 1h2 complex was never

isolated as a solid from the methylhenz.ne solution. Attepts to foir,
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stibine and arsine adducts in ethanenitrile and tetrahydrofuran as

described in Sections 3.14 and 3.15, always resulted in reduction to

vanadiUM(III) (hence the black solids formed) or in no reaction at all.

In Section 3.15 both starting materials were recovered from tile reaction
Solution, unchanged.

4. 1.4 14ix'ci C'omplc.c.
2-Since complexes of the form- [VOCl 2L I and LVOCl 4

have been readily prepared, it was hoped that complcxes of the form

[vocl 3L-21 might be formed. If chloride ion is in excess in a

reaction mixture, then [ f complexes are likely to be forimed.
By choosing the ratios of reactants carefully it was hoped to stop th e

process shown in the equation below. at thle LVOCl L-I- complex. L hicre

is a neutral monodentate ligand, and A a cation.

Lv~ 2 c 3 CtN)2] Th L ~ 2 -1 [A]AL~ 2 2 L\Cl 14 eLA 2 -

Garner ct aZ. L128[l reported the preparation of the complexes

[MOOC 3 (Ph 3 PO) 2 iandF roOC 3 (11111) Q which i-would have simiflar electronic

configurations, for, the valence electrons, to the vanadiumi compounds.
The electronic structure of [r'%',OCl 3('lm'Pa )2 w investigated using

polari sedt si ngle crysltal , nujol mull , and sol ution electronic spectro-

scopic and single crystal e.p.r. techniques. Attempts to form the coiwplexes

[pyiCJHvocl 3  3 o 2  and [pyII1LVCl 3 hm )T are described in Sections 3.2
and 3.4. These attempts have always resul)ted in the formation of

LO2(hripajI LV l(Ph3P o r -pyH 2[VQCl 41 depending on the relative
amounts of the various reagents. In 3.2.3, hoth LVOCl2 andpa)2 i and

[VOC1 1 were isolated from the samre reaction mixture. In 3.4.2, LVOC1

(Ph 3PO)2l was isolated, both as a light-green powder and as blue-gqreen

crystals. Under these conditions then, it was not po, sihle to form the

[VOC1 3L 2T ions required. In Section 3.3., tetree(-thy larmmloiuiI chloride

was used instead of pyridinium chloride hut this miade no difference, and
the [VOCl 2 (hmpa),2 complex was again fornmed. Although it rna-y have bceln
expected that [VOCl j2 would not form~, it is .,ormevha surpri si nq th~lt
complexes of the tyF [VOCl 3 L T or j \'QCl 4L 2 were not. 01)erved.
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4.2. INFRARED STUDIES

4. 2. 1 IItroduction

4.2.1.1 Far Infrared Spectroscopy

Despite the extensive literature upon VOCI., complexes (both anionic

and neutral), it is surprising to find that the far infrared sp:',ctra of
only three of these complexes have been reported. The \)(V-Cl)

assignments are given in Table 4.1, along with the \,(V-Br) assignments

reported for VOBFr 2 complexes.

Recently Datta and Hamid [-20]i made some very tentative assignments

of -v(V-Cl) frequencies, but they quote a number of possible frequencies
for some complexes, and have clearly made no attempts to study related

complexes, and hence eliminate ligand bands in the region. Similarly

du Preez and Gibson F_26 have tentatively assigned the band at 372 cw-

in the infrared spectrum of[ VOC1 2 (tmtu) 21 as being due to a

v(V-Cl) stretching frequency.

Of the complexes mentioned in Table 4.1, only the structure of

[VOc1 2 (NMe 3 )2] is known. Single-crystal X-ray studies have shown j'36-1

it to have a trigonal bipyrarmiidal structure. The data in the literature

does riot form a firm foundation for the assign-ent of the far infrared

spectra of vanadium(IV) oxide dichloride complexes. However, the wor,
carried out by Nicholls and Seddon L40-421 has shown that there are

certain trends which apply to the far infrared spectra of vanadium(iV)

oxide dibromide complexes. In Table 4.1 the letters a-d are used to

classify the complexes in terms of the structures they are likely to

have, according to the infrared bands observed. In general, it is well

established [1291 that -v(N.-X), where X is a halide, increased as

coordination number decreases. Thus,

vX(4-coord) : vx(5-coord) vt,(6-coord)

Nicholls and Seddon L40-42' showed how infrarud spectra can be used to

distinguish between trigonal bipyrami dal and square pyramidal five-
coordinate complexes. Co complexeso ,plexes of the qenerll type VOY2

the two most likely fiv,-coordinate struwturu , both having C?v
symmetry are:
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0 L
UI Ix

X2 ' '- L 0 ::V
L \x I X:

L

(1) (II)

Structure (I) will have only one strong infrared i,!'sorption d-,e to

V as(M-X) (as the symmetrical band will be virtually infrared inactive),

whereas structure (II) will have two strong infrared active bands due to

V(M-X).

There is evidence to confirm this in that trigonal bipyramidal

[VOCl 2 (wre 3 )21 shows two v(V-Cl) stretching frequencies[ 95]. Both

[TiOCi 4]
2 - L68,130j and LInCl5]

2 - [131] have been shown to haIve C4v
symmetry by X-ray structural analysis. The infrared spectrum of [IiOCl 4 l - [951

2-
showed only one v(Ti-Cl) band, and a full vibrational analysis of [lnC5,-
[132] revealed one very strong band and only a very weak shoulder due to

the symmetrical mode.

For complexes with a bidentate ligand, L--., of the type VOX 2 (L-L), the
only likely five-coordinate structure is:

0
II

lhis should also have two infrared a( v(l!-X) hands.
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These basic assumptions are useful in predicting the structure of a

complex on the basis of its far infrared spectrum. Throughout this

section, spectra of the chloride saples have been compared with their

bromo-analogues, in order to make vibrational assignments. U.here

necessary, spectra were recorded for the ionic chlorides([pyH ]Cl, etc.)

and for the neutral ligands (Ph3PO, dppe,etc.) to facilitate the

assignment of cation and ligand bacds.

4.2.1.2 Near Infrared Spectroscopy

There are three principal reasons for measuriiio the near infrared

spectra of the co!;,plexes:

(a) To establish the purity of the complex

(b) To establish the bondi ng mode of the 1 i ( nd

(c) To establish the nature of the V=O bond.

When a V=O double bond is present in a molecule, a sharp, medium-
-l

strength band in the region of about 850-1050 cm is observed. flany

attempts [e.q. 4,21 ,45,47,4"1 to correlate the frequency, v(V=rO), with

the other ligands have failed. It is no'.1 generally acccpted that the

exact position of v(V-0) is due to maryfactors and that simple correlatior0

between its position and any other single parameter exists. A broad

band between about 900 and 800 cn-1 is characteristic of a V=O ...... V

interaction, and when present is normally indicative of a polymeric

structure.

4.2.2. Far Il'fsord §;duN (79- '§9 n: - )

4.2.2.1 PyridiniU11m Oxotetrachlorov anad ate(IV.

In sections 3.5 and 4.1 it was describcd, in some detail, that two

forms of [py12tVOCl 4 "1 , one green and the other blue, had been isolated.

In Section 4.1 this observation ,.,as tentatively interpreted in terms Of

two geometrical isomers, one of C4v symmetry based on a square pyramid

and the other of C2v symmetry (trigonal bipyramidal). Previous studies

of the far infrared spectrum of (Et 4 ri) 2 LV0Br4 1 40,41-1 have distinguislhCd

between two such geometrical isomers of the I.VOr42- ion. The

equilibrium between the t,.o isomers was shown to he temperature-dclcrdei,

Table 4.2 lists the bands observed below 400 cm 1 at different tera.cratur.
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Table 4.2 Infrared Spectrum (350-250 cm of

[Et 1 n2 V__ (_nits of cm - I [40,41]

23 K 308 K

325(s)

300(w) 296(s)

274(s)

The observations in the far i. r. spectra are interpreted, then, in

terms of the equilibrium:

Br 2- 0 2-

r -- ,Br
Br Br Br

Br

C2  - 243 K C v - 308 K

It was not possible, however, to isolate the low temperature for),i

of t 4 N z EVOBr14".

The far infrared spectrum of LpyH'12V ~4r recorded for the green

form of the complex is different from that recorded for the blue form.

Both spectra were obtained at 295 K. The region between 500 cm-l1 arid 250 cm-

is particularly interesting. Table 4.3 details the spectrum in this region

for the blue compound (Section 3.5.1), a blue-rich sample containing, sem<

green solid and a green-rich sample containing some blue solid (both

Section 3.2.3), and the green compound (the first sample isolated in

Section 3.5.1). The spectrum for pyridiniuiu chloride has a mediu,. ,

band at 395 cm but this is by 11o means as strong a hvnd es theft observed
-lfor the blue co:,potird at 399 c.m . 4.
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Table L .3 Far Infrared Spectrum of [pyfl. 2_[VOC1l (units of cm-

Blue lue-ri ch Green-ri ch Green

399 s 395 r/s 393 m 394 w

356 m 349 s 347 s 344 s

300 m 298 m 298 n 302 m

276 111 278 w 275 w 278 vw

As the sample tends towerds a 100-, blue sample, the bands at 395-10,,1 cm1

and 275-280 cm-1 increase in intensity and the band at 3P5 c - l decreases

in intensity and shifts to a higher frequency. In Table 4.1 it was

reported that LVOCI 2(NMe 3)2 ] , which is knon to have a C (trigonal

bypyramidal ) structure [36], has \)(V-Cl ) bands at 404 cm and 383 cm- l  5

Our spectrum can be interpreted as follows: the blue solid as a C2v

(trigonal bijyramidal) structure and has v(V-CI) bands at 399 and 356, the

latter being weaker in intensity than the former, and the green solid
-l

has a C 4v (square pyramidal) structure with one v(V-Cl) band at 344 cm

A band of medi umn strength at 300 cm- I is common to both forms .

In the spectrum of the green form it could be assigned as a v(V-Cl)

band, being a weak shoulder characteristic of VOCI 2 coplexes with C4v

symmetry. However, in the spectrum of the blue form the band remains

and is unassigned. The band at 276 cim- l is much stronger in inleiisity

for the blue sample, and appears to he characteristic of VOC1 2 complexes

with C2 v (trigonzl bipyramidal) symmetry (see section 4.2.8). It is

tentatively assigned to a 6(O=V-Cl) bending mode.

4.2.2.2 Other Oxotetrachlorevanadente(IV) complexes

Table 4.4. lists the far infrared spectra of LEt N72[V
4' 2~ L-0C14  a nd

[Ph4As] 2 1VC1 4 ]. Also listed are the far infrared spectra of tetra-

ethylammonium chloride and tetr7phenylarsoniuri chloride. It is clear

that the strong bands observed at 3,14 cm1  for LEt4 22 [VOCl4- and 3,16 cm

for L Ph4 As] 2 [VCl must be assigned as v(V-Cl ) stretching frequoncies.

All the other bands can be assigned as cation bands. Both I VOC1 4 72-

complexes were green in colour and it is not surprising that tle

frequency of the v(V-Cl) band is very sihll 1ar tn that ohtained for, , .. 1 - , -1 d
\)(V-Cl) wi th the qreen forw of [ ,y, , .3, I. na: !,l y 2i 4 cm- Ihe hard

in the form of a should(:r, at 0' . BK) cri was ai(jin observed. This
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would suggest that LVOC 4-]2 is square pyraiila, with Civ symimetry
in both compl exes. Table 4.4 shows that the~re is a b)and due to the
tetraphenylarsonium cation at 345 cm' but the 34C, c1:m band in [h~A1

[yoCi 4] sp)ectrum[] is still assigned to v(V-Cl )which must mask the

other badAW~4 2 vocl 4 ]also showas a very strong band at 346 r)-

assigned as the v(V-Cl) hand, which indicates that the [VOCl 2 agzi

has C 4v (square pyram,,idal) symme,)try.
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4.2.2.3 VOCl2f_ complexes

The complexes of the type [lOCI 2 L - ere subject to a similar type

of i.r. analysis as those described in Sections 4.2.2.1 and 4.2.2.2.

Space limitations forbid discussion of these studies in detail, nut

the results are summarised in Table 4.5. As discussed in section

4.2.1.1, the complexes (like their bromo analogues) cn be classified

according to the patterns and frequencies obscrvwd for \J(VCl), and this

is done in Table 4.5. The [VOCI 4]
2 - salts are also iicluded, for,

comparison.

4.2.3.1 V=O Stretching Frequenicies

Table 4.6 lists the V=O strecLhing fre:u,nciics of some complexes of

vanadium(IV) oxide diciloride. It has heen shawn [40-42"1 that for

complexes of vanadium(IV) oxide dibromide there is a general trcnd that

anionic 5 coord 6 coord bidentate

with the notable exception of [ VO'r 2 (py)2j . When there are V:O .... V inter-

actions, bands appear at lower frequencies and are broad.

Table 4.16 includes a column giving V=O stretching frequencies for

VOCI2 adducts quoted in the literature, and a column giving the V=O

stretching frequency of the corresponding VOW r 2 complex.

The same general trends are observed as for VOBr 2 comple xes. In many

cases the bands observed differ in frequency from those quoted in the

literature by a large amount. The value of 994 cmI is quoted for

[vocl2(Phr~e2P)2] although this spectrum was not very satisfactory and the

analysis of the compound was not definitive. The VrO band in the spectrum

of [VOCl2 (hmpa) 27 comes in the same region as a very strong band due to

hexamethyl phos phora ;.ide. Two bands were seen at 993 c I and 982 c l The

993 cm 1 band appeared to be sharper and was assigned as the v(V-O' band. The

v(V=O) band in the spectrum of LVOCl 2 (dIso) 3
1 comes very close to the v(SrO)

band and it is difficult to make accurate assicgments. The v(V--O) band at

924 cr, - 1 in tile spectrum of LVOCI2() 2'1 is broader thon the hand al 97 (i-I

in the spectrum of [VOCI2( py)3. lhis gives for the chloride complexs,

again with the excepLion of IjVfll 2(1pY)2-1

v(V ()) anionic"' v(VO ) coord:> v(V " )G -nnrd
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Table 4.6 V=O !tretching frequencies for VOX 2 addUctS (1unitS Of cmUi

COMPLEX X=C1 X=Br

v(VWO) v(V=)lit. Ref v(V=0) lit. Ref

E V0C12 (dppn)] 1011 - --

L[VOc1 2 (p[3PO) 2 ] 1006 990 26 -

Blue [PY.HI 2 [\OCl41 1005 - - -

Green~pyH] 2 VL 14  1004 998,930o 3799401

1009 72
1003 27

[VOC12 tn) 997 998 26 -
[V l2 (t1h )2 1 996 -

[ VOhl4 dppe 2 1VC 995 -- - -

E Et 4H VOC14  995 1013 75 998 10,41

E voci (PhMe P)1 991 - - - -

E V0C1 2 (11mp1a) 2] 993 - - 989 40,4',

E Me 0 MIl 4  992 - - -

L vocl(yP) 990 - ---

[ 012ttu 2 ]988 - - - -

E VOCy2 Ptl3P)2] 986 988 27 988 40,4.2

I 0 C(I3 N) ] 980 1005 75

E VOC12(PY)3] 979 960,955 51 965,959 40,42

E V06O (po) 949 - - 968,957~l 40,42

[ VOC12 (dilso) 3  947 - - - -

[ yOC 2([pY) 2 ] 924 920 27 940 40,42
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4.2.3.2 Ethanenitrile Stretching Frequencies

[VOCl 2 (C[I 3CN) 2 ] was the only cooplex studied with coordinated ethane-

nitrile. Table 4.7 lists v(C3=N) stretching frequencies for uncoordinated

ethanenitrile, VOCI 2 (CH3 CN) 2 and various VOLr 2 complexes with coordinated

ethanenitrile. v(C-_N) increases upon coordination as has been reported

previously [136] , and the effect of coordination on v(C=N) is similar

for [VOCI 2 (CII 3 CN) 2 ] as for VOBr 2 complexes.

4.2.3.3 Complexes of Oxide Ligands, L-O

Table 4.8 shows that the complexes of hexamethylphcsphosramide,

triphenylphosphine oxide, diphenylsulphoxide, di methylsulphoxide and

tetramethylurea all show a decrease in the v(L=O) stretching frequency,

indicating that coordination through the oxygen has occurred. Some

corresponding values for VOBr 2 complexes are listed.

Table 4.7 v CL) in Ethanenitrilc Complexes units of c1-)

COMPLEX REF

CH3CN 2295*,2260 136

VOCl2(CH3CN)2  2318*,2291

VOCI 2 (CH3CN) 2  2283 75

VOBr 2(CH3CN) 3  2320* 2295 40-42

(pyu)[VOBr 3 (Cf1 3CN) 2 ] 2325*,2320*,230 0,2280 40-42

*,- a combination band (CH3 bend + C-C stretch)

3I
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Table 4.8 v(p-_)__for comwplexes of Oxide Li(pnds

(LP,S,C)

COMPLEX v(L=O)/c -1  REF

VOC12 ( h i'a) 2  1132

V03 2 (hmpa) 2  1189 40,42

htitlc 1218 40,42

VC 12 (Ph 3 PO) 2  1147,1090
1140,1088 53

PhPO 1193 135

1182 53

VOC] 2(dpso) 3  949*

VOBr,(dlso) 3  968,957* 40,42

dpso 1042 40,42

VOC 2 (dniso) 3  1012,993
1015,996 53

dmnso 1050 53

VOC2 (tiu) 2  1563

tmu 1648

* - could be due to v(V=O)
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4.3 ELLCTRONIC SPFCTPAL STUIE S

The diffuse reflectance spectra of [Et 4 N]2BVOC1 4 ], [py!ql 2 LV1 lth t t

green and blue samples), [Ph4 As-F2 [VOC4-1 ,L pyl-12 [ VOC 14 " him p! (the

blue product from 3.2.2), and Lhe impure product. containing [1,u! , 1 rV(1,,- -,

from section 3.7 are listed in Table 4.9.

Drake, Vekris and Wood [37] have previously reported the spectrum

of 2Et4 N 2 VOCI 4] as having bands at 13,900 c) and 24,0

Table 4.9 shows excellent agrcement for the lower energy band and only

a slight difference for the other.

The green [VOCI 4 " - complexes show a characteristic band at c-. 13,700

cm - . This may be attributed to the D 2 ) I transition [37,40 is
a transition to an enery level derived fromii the it-bonding involved in the

vanadium-oxygen mul iple bond. In the srctra of the two blue L\'OCl 4 _

complexes, this bend shifts to higher frequen(y (15,000-16,000 cm) It.

has been found [401 , in a study of anionic oxo-hrc,;o complexes of

vanadium(IV), that .hen V--O .... V interactions are present, as in the

case of (pyH)LrVOBr3-, thi.s char<acteristic band form is absent. lhe green

[VOCl 4  complexes all have a hiyher energy 'd-d' hand at 23,000 cm,-

whereas for the blue complexes this band aJin shifts to higher ireqvecy

and is observed at 25,000-26,000 cm- 1 . Of the two blue complexes,

[pYTL 4VOC.. hmpla has the higher energy 'c6-- d' bands, shoaing that either

this complex has a slightly different <yi.metry, owin to the pres.ice of

the hexamethyl phos-horeni de , oc that the pl2 LVOCI41 wcis still sigl ly

contaminated with green form. The blue [Lyl ll2 [VOCli4 saiple had been

separated from green[ LpyH12[VOCl 7(see section 3.5.1) and it was not

possible to eliminate all the green solid in this separation.

4.3.2 ANL, c ,; of ''m >:. (JY) : ' , ( < .

Table 4.10 lists the diffuse reflectance slectra of the adducts of

VOC12 studied. If the strongest do-.d band is selected to typify

ligand field strength, then some general conci usicns can be Vm3de. -or

example, for complexes of the type [V00Cl1 2 2, th n th, ligand fi(ld

strength order is:

S-dnnors 2-- 0-donors,  -- P-d re --- -,,(,r

For [ VOkr 2 1L2  . ro!;ple>r , the 1 i and field (I ,tretl n, c r mva' I o<otl

to be

0-drm,), N - -lH)~5§' -~~s -dnnors
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The V0C1 2 adduct studied with a siulphur-donor 1 igand was 'LVGCl kmu)
and tetramethyithiourea has a multiple carbon-SUlphlur bontd. The LVQIIr -2
complexes studied were with ligands such as 1 11-thioxan and tetra-
hydrothiophen,where nt-bonding is niot inivolved in the carboon-sulphur
linkage. It is not surprising, then, that tetrairne-thylthiouica shno.ed
a hi gher i gand field strength relative to oxygen donurs than; the
sul phur-donor ligands studied with Vyam- 2 adducts.

For complexes of the type [v0Cl L3j adtVC L -,tefequencyard ";' ' hef
of the band for six-coordinate complexes is higher than that for
five-coordinate comiplexes.

[C 2 (Cfl 3CN) 2] , which has a polyileric six-coordinate environment,
has its d "- d band at a high frequency since ethanenitri le h-s a
particularly strong ligand field. This is due to the multiple C:'N bon-d
in ethanenitrile. I

All these ligand field effects are surmiarised in Table 4.11. Liganid
field effects on the spectra of VOBr 2 adducts arc also illUstrOted in

the table. These had been observed previously [iol in Table 4.10,
[V0Cl 2(CH 3CN ) 2 ]I's entered as a six-coordinate comlplex as indicated by
the i.r. spectrum. [ V0C-12(cy3P)] is also treated as a six-coordinate

species. It seems; likely that this complex is polywieric with vanedium-
chlorine-vanadium bridging. IVOCl 2 ( dppe)] is considered to be similar
to other phosphine complexes such as [ VOCi 2 ( Ph 3P)2 ] and is treated as a
five-coordinate species. The spectrum of FVOCl,(dps) -1,s reported i n
Table 1.10 has no higher energy 'd-- d' band, the banid being masked by
lower energy charge transfer bands. A similar observation -is wmmdc in
the spectra of LV0C1(dsj}[V01(h) 2 an[VOl(y] . The
phosphine complexes seem to have a beLter resolved band form) in tie 'd4->d'
band region, with extra bands being observed at c~.17,000 cm- 1 .

4.4 ELECTRON PAR/MACNET IC PESONNNCE SIUDI ES

4.4. 1 So I

Table 4. 1p lists the parameters obtained from c.p.r. spectra of
powdIered samples at room teimperature. [VOM12(U1C VCl(ie)?l

EVOC 2 (dmso), Lpy-l VD l1 (both the blue- and gr-een forms), .)l-
Ly0C1 4 -I-- hmpa and I 1e4N jVocl4 1all gave simple single first deriv'ativye
curves. Si nc Ile 4 1ClI dcoes riot gJive an e. p.r. si oail, th- si(,nlil nit a ii c
fromn the nii xture of N'e4 4.0 and j.!! '(l 1 e ami bv Ci tt-i buted to ;1

LVOCl I
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Table 4.11 LcndField Fffe(-t on Principal d - d PRW CLK

COMPLEX PRINCIPAL d '~d BAND

[VOBr2(py)3 ]12.8
[VOC12(py)2 I 12.
[VOBr 2(PY)2 1 11.9

[VOC12 (CH 3CN)2] 14.0

[VOBr2(CH 3CN)3] 13.9

[VOC12(dpso)3 ]13.6
[VOBr 2(dpso), 13.1

[VOC12 (dinso) 3  13.4

[VOC12(cy3P) ] 13.4

[VO[3r 2(PY)3  ] 12.8

[voc12(tmntu) 2 115.0
[ci 2(Ph3PO) 214.

[VOBr 2(tliox) 2 1 14.0

[VOBr2(tht)2  1 13.7

[VOBr 2(di ox)2 1 13.7

[ VOBr 2 (himpa) 2 1 13.7

[VOBr 2 (thf)2  ] 13.6

[voc12i p) ] 13.5

[ voG12(Ph 2Me P)2] 13.1

[voci 2(dppe)1 13.4

[vc 2(r3P)2 ] 1.
[VOBr 2(Ph 3P)2 1 12.9

[VOC12(PY)2  112.4
[VOBr 2(PY)2  :i11.9
LVOI~r (quin) ]1 11.

*-this sample of [VOCl 2PY) 27vwas the sample preparod as doscrihed in

3.9.2 and left for two months, whence its i.r. spectrum was sihmilar- toJ

that of the [VOC12(PY) 2 -johtained in 3.9.1.
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[VOCl 2 (tnu)2 ]and [Vc 2 (tmtu) l both appeared to give two

superimpos"ed first derivative peaks, all illustrated in Fig. 4.1.

This could be due either to the vanadium(IV) utofis being in tw'o

different environments in the compound, or to a mi nimal amount of

hyperfine structure following the interaction of the unpaired

electron with the 5lV(=7 /2)rIuclCus. The e.p.r. spec 'rui for

[VOCl2(dppe)] as illustrated in Fig 4.2, has a shoulder in the

central region of, what would otherwise be. a normal first-derivative

curve.
[V ~l([Ph3PQ) ), IYGCl hmpa)j, 'Cl (h 3 )I ~C 2 I',LCl(po]

[VOl 2 (dPp1)l Et4"') \0VCl4 and CPh4 As]2 VO-I 4 -iall gave fine structure

in their e.p.r. spectra, and their room temperature spectra are shown

in Figs. 4.3-4.6. Fine structure has been observed previously P89]
for [VOB3r2 (Ph3P)2], F VOBr2(dpso)VOBrVOBr2(h,;a) 2fl and VLt4N -1, [ VOBr4 1.

The fine structurc observed can be explained in terms of the complexes

behaving as magnetically dilute systems, owing to the presence of

very bulky ligands (in the cases of EVOC1 2 (Ph3rO)2], [VClC2(dpso)3]

[VOBr 2 (hpa)2 >c) or counter-ions (in the cases of LPh 4AL 4VOC14 ]

and[Et 4N][VOX4 ], where X=Cl or Br) around the central ion. tagnetically

dilute systems would not be subject to the relaxation processes,

involving interactions of the unpaired electron spin moment with electron

and nuclear spin moments in neighbouring molecules, to the same extent

as magnetically non-dilute spin systems.

Of the solids, [Ph4 As- [VOCl 4  and IVOCI 2 (Ph 3PO) 27 sho,'ed the
most complex and well-resolved fine structure. The tetraphenylarsoni urn

cation was the largest counter-ion studied and triphenylplosphine oxide

the most bulky ligand. This confirms the dependence of fine structure

on size of counter-ion or ligand. The fine structure observed in

the case of [VOCl2(cy3P). is only well resolved in the central region

of the spectrum. At high and low- field extremes, the mas! ing of ine

structure could be attributed to the polymeric nature of the VOCl2(cy3l')

complex.

lhe spectrum of IPh4AsU 2 [VOCI4 lat roo:i temperature w..,as found to

be extremely similar to the spectrum of [Ph4As] ?V0C 4 "1 in ethaneni tri lt.

at 128 K (see Figs 4.6 and 4.7) and these spectra will be discussed iii

section 4.4.2.
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Fig. 4.1 L.p.r. spe ctra of

powacred sarmpl(e; of

[VOCI (twt!U) an

2 2H

[VO(1 2tnu (tau 1

EO 2 (m)2

500G

DPP{

kvc tintu)1VOI2 2
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Table 4. 12 includes g-values obtained from e.p.r. spectra of VOP, m2
adducts [89] and these are compared wi 'ch the results for VOCI adducts.

All the complexes in Table 4 .12 gave simple first-derivative curves

except for [VOCi2(tmu) 2.]and [VOCl 2 (ttu) 2 "]. For these comnpounds,

there appeared to he two superimposed first derivative curves, one

very broad and one very sharp. An alt(rnative in terpretation of the

spectrum would e that only one line of fine structure was seen in the

spectrum, which otlherwise was a simple first derivative curve. The

g values are all in the 1.9(10--2.005 range except for [VOlr2(dme)of and

[Fecp 2 l _vOfr3 i , There are no trunds observed duCe to the donor-atom

of the ligand, size of the ligand, or stereochemistry of the complex.

Values of giso for 2VCl2 (P.PO)2LFVOCl 2 (cY3P)J, [VOCI 2 (Ph.3P)-2 -,

[VOCi 2 (h 2 NeP)2 ,VOC 2 (dppe)- and [Ph 4A.l 2 LVOCI 4-] are quoted in section

4.4.2. These values were calculated from solution c.p.r. spectra.

Computer simulation studies were used for calculating g values from spectra

of powdered samples, where fine structure was observed. The only computer

simulation carried out on such a spectrum concerncd the spectrum of

[Ph4 As] 2 LVOCl 4] and the result is illustrated in Fig 4.8. The simulation

gave g values and A values as follows:

g, = 1.9609 A = 182.8 G

g. = 1.9866 A, = 74.1 G

From these values, giso and Ais o values can be calculated giving

the results below.

giso = 1.9780 Aiso = 110.4 G

These values may be compared with those obtained for the computer

simulation of the low-temperature solution e.p.r. spectrum ofL 2 'VOCl 4 I

discussed in 4.4.2.

The g value for [%VOCl(rh 2MeP)2"1 is quoted in lable 4.21 and solution

e.p.r. studies are also discussed in section 4.4.2 The different studies

give two different g values for this complex.
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Table 4. 1? F.p.r. results fromi powdered samples (911K)

VOBr 2 complex 9 V0C1 2 cornpl ex 9

[Fecp21 V03r 3  2.015 Green [pyl 2 FvoCl 41 2.00C

[VOBr 2 (ho) 2.005 LVOCI 2 (dmnso)., 2.001

[V08r (uin) ~ 2-001 Blue rLpyH-j, ".1rCl Xrpa 1.9

[V~2(4-pi c)jl .99 Blu LYH 2EY01 4] .

[VOBr2(diox)2-1 1.99-i [AoC 12 (t)" 2""r) 2] 1 .99 (

[vDBr 2(ipY) 37J 1.995 I'r'(4j1.2LVOCl 4] .19
[VOBr 2 (p)Y 1.992 [VoC12(t' 1Ctu) 2  1.995/1.1

[qUi nH i3IIVOB rb 1.991 [VOCl 2(tlllt) 2  1 9/

EVOEr 2(m 1.970 EVOCI 2 C 3 Nj 1.91

*See text for explanation of two values
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4.4.2" Ser!at!n

Table 4.j 3 lists the pa ram~j eters obtai ned from e .p.r. spectral inl

either cthlai.eni tri le (in the cac of LPh 1A 2 Lvnci -n rd ['KCl 2(KPJ)

or tetrahlydrofuran. Spectra were recorded at room temper~ure ondi at

ca. 138 K. The isotropic spectra of all the complexes .tudied slhewed

eight distinct lines as anti ci pzited, whr~sthe aol sotropi c spcttra all

exhibited complex fine structure. No 1 igand hyperfine structure was

observed in the silctra of the various phosphine -orsplexes Studied.

The values of parameters gio Aio gi , All , g __and A .1were calculated

us ing computer simulation as described in section 2.15. Paramete(rs calcu4Lct~d

Previously [FO,39] for Vr 2 compylexes are listed in Table 4.1, for

comipa ri so n.

The gis values calculated from the e.p.r. solution spectra are

typically 1.97. Thle gis Values quoted in Table P1.: for thos)e poudcred

samples which gave simple first-dcrivaitive c-urves, were of the clrdor of

1.995. It is not reasonable to expect these values toa coincide, since

the factors w,.hich cause line-broadeIning and lead to simple first-derivative

curves, are not present. in solution. This being so, a difference in

y-values might be expected.

The A. values for the various soIlution)s of E\'O~r(Pl P 2  in

tetrahydrofurari or inethylbenzene are interesting. It has been poCStlated

[89] that in tetrahydrofuran, the possibhili ty of the following equilibrium

exists:

[VOBr2(PhP 1_ -f[crr(hP(i) [VOBr(tf 2

33

At any one time, then, more than one species will he present in SOlutionl.

The addition of excess licjand will shift the equilibrium to thle left, but

the e.p.r. signal observed is alwa.,ys a time-averaged sigrnl, due to the

various species present. 71he species responsible for the e.p.r. sicnal

giving an A. va "lue of 106 G in tetrabhydrofuran is LVG1Br 2 (t1hf) 2

However, when either excess ti-i phenyl phosphi tie is added, or a non- coordi nati r-

solvent such as imethylbenzene is uIsed, a different speucs (prob)ably

VOBr 2 (Ph3P)2) gives an e.p.r. signal with a higjher A.value oif 111 Or

113 G. The signal rbserve d coal d t,( timo-avei aqed fo r s.everal !,p(-( 'IS,

but clearly the eqjuil1ibri ui,, position -hi ft, 1..*hi . ty;,.& of equili1 u o
coud lsoocurfor sol utions int) I:nnIii %-diih is a (oor i neti q

solvent.
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Table 4. 13 E.p.r. results from solution samples

A. ISOTROPIC SPECTRA DATA

Complex Solvent giso Ai so/G

[VOC'12(Ph3PO)] CH3CN 1.966 109.8

[ P1h4 As 2 [VOC4- CH3CN 1.969 109.2

[VOC1 2(cY 3P)i l thf 1.975 106.4

[vor 2 (Ph 3P)z1 thf 1.965 107.6

[VOCI 2 (dppe)] thf 1.967 118.8

[VOCI2 (Ph2McP)21 thf 1.966 119.5

(+ added Ph2MeP) thf 1.970 121.6

[Fe(cP) 2] [VOBr 3] CH3CN 1.989 104

[Et 4N12 fVOBr 4 ] CH3CN 1.996 100

[pyHi-2 V'-OBr 4 ] CH3CN 2.005 100

[VOBr2(Ph 3P) 2 ] thf 1.985 106

EVOBr 2 (Ph3P)2 1 (+ added Ph3P) thf 1.987 111

LVOBr 2 (Ph3 P)2 (+ added Ph3P) PhCH 3  1.977 113

[VOBr 2 (py) 3 ] py 1.979 98

[ pyH][VOBr 3 (CII3 Ct') 2 CH3CN 1.998 99

[VOBr 2 (py) 3 ] PhCH3  1.989 103

B. ANISOTROPIC SPECTRAL DATA

Complex Solvent g I g giso(calc) A /G A /G A

[VOC 2 (Ph3PO)27 CH3CN 1.939 1.973 1.96? 199.37 79.55 119.5

[Ph4AsI 2FVOC1 4  CH3CN 1.959 1.984 1.976 184.05 75.60 111.,

[VOC1 2(Ph3P)2 thf 1.955 1.983 1.974 180.36 72.61 108.5

[VOC1 2 (dppe)- thf 1.947 1.973 1.964 227.33 91.48 136.8

[VOC1 2 (Ph2f.eP)2", thf 1.957 1.986 1.977 200.77 79.39 119.9

[VOC1 2 (cy 3P)1  thf 1.945 1.973 1.9(3 196.40 7;.45 11.4

[VOBr 2 (Ph3P)2 l PhCH3  1.967 1.976 1.973 184 74 ill

[VOBr 2 (py) 3  PhCH 3 2.010 1.9"4 1.993 182 70 101
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Of the six V0C1 2 adducts studied, 'LPh 4 As] 2 [VOC 14 ' is the Only ol:L0

which should not be affected in this ay, since there are no neutral

ligands to be displaced by the coordinating solvcnts. Coordina-tion of

a sixth ligand could, however, occur giving an ion of thc type~

Evoc 4 ] 2  The data quoted i n Tabl e 4.13 , f or LPh 4 AS-12 LV"0Cl 4 an he

compared ith 1 the data obtained by comiputer simulating, the e.p.r.
spectrum of the powdered comipound (see section 4.4.1). -1:1e valueCs ar-e

similar anid the species present in solution is clearly, thcrefore,

[ 4A 2 LV~ 4 .

If, Ifor the other comiplexes, %we assume that anl A~ is value of < 110 G

is indicative of species, predominantly of the type [VOC 2 th) orI

[voci2 cJc')] and an A~5  value of >110 G indicates the formation of

complexes of the type, LI0l 2ithf)LQ_1 or LVOC1 L flthen various

conclusions can be drawn. These issumptions are based on the results

fo r [V00r_2 (P'h3 P)29 in totrahydrofuran and nmethylbcnizenie discussed ear licr.

[voc 2 (Ph 3 P)2 ] appears to exist in tetrahydrofuran1 solution as

[vocl 2( thf )2 J, both at room temperature and at 138 K. This would

explain the lack of 1 igand hyperfine structure (due to coordinated

phosphine ligancl) in the e.p.r. solution spectre, of the com plex.

The high A~ (P 21 h2~2 oth in the isotropic

and anisotropic data suggests the complex in solution contains at

least one coordinated phosphine 1 icand. If at least one plosphine

ligand is coordinated, as seems likely, then it is surprising that no

ligand hyperfine structure is observed. The extramtylihnlIo ir
added has little effect on the gioand Ais, values (see Table 4.13 ).

This could be because the species present already is FVOC 2 ( P 'Z :L: j
or it could indicate that the equilibrium constant for the coordination

of the second phosphi no 1 igand is Such that this does not occur to a

large extent under the conditions in which the addition of cxCes5 1 icynId

was carried out.

Lvocl 2 Um3Po) 27 and 'Vocl 2(cy3P) Loth have A.is va lues of <11' G
at room temperature and values of "1115 G at 133 K. At rooml teiiperatucre

the e.p.r. signals are likely to bX dueW to LV 2 Ci1"C)j nLV~l(h
respectively. As the solutions are cooled cr-duQal ly 1by blo,'wing cold

ni trogen gas over the ,armplc (sPn Iccti on P.5£ ), the comipl -xesLC , b

and [VOC1 2 -1 could t)21-d be furd. Poth thwue cnwp:;l e> es are rel oIi v-ly

insoluble, as de,,cribed in the prepari ye s(tin(Clwpij' 3-*) Mnd it i

perhaps re r'nabl I, to postul .Ale th' t , as I [pQ so(l wt il ('(A't, mI le

concentratcd on araduall freeL.Zirig of tie ol I1 th,- erui 1Ihliu; "ilt"



SO as to faiVour tile forma!-tion of these complexes.

LO Li(ppe )] h as A.:Sc values (,F '18.77 and 136.76 ehcih

at room temperature and 13," K. Nei ther of these valunes cran be dlue,
toth [O~~tf)1 ouleso it. is- possible that the room~

temperature signal -is due to the i xecl complex, FVOICl 2(dPj -_) ( th'l)

The e .p.r. spectrumi recorda_,d at 13c2 K is then assigned to tile

[V0ci 2(dppe )* comaplex. LVOCl 2 (c P) has again been shouw.n to be

rel ati vely insoluble -in tetrahydro furan and ill foPr as the[C S01 ULiLar1

becomes more concentrated at lowtmmi ~ trs The fact that the

L~ 2 (dppe)] complex has an A. value of 136.76 Eand thutZGl (, )(iso
has an A.s vaLie of 112).77 does not recessitat _ thle rcaseiri~nnLlt of

all the other comiplexes studied, As stated pr!evious'ly, all the c. p.r.

signals seen are tiure-averaged signals for all the species present.

Although the predomiinant species in a solution giving anl c.p.r. signail

with an Aiso value of c~.120 G miay well be of the type , I ,VO Cl2 L(thf),

no defi ni to concl usions can be dral-.n from the limited exparimontal

evidence available.

Neither LVOCl 2 P11 2M"cP) 2 ] (due to the relatively ,mall liocund),

nor [VOCl 2 (dppe)il (due Lo its bridged polyiic.ric structure in the solid

state) showeXd fine structure in the e.p.r. spectra of the rded

complexes so comparisons could not be made for Ihese complexes.

Table 4.13 show.s thlat [-V0Dl 2 (P11 3 P)2 1 arid ["B'r2 (py) 3 ] both remain

unchanged as cool ing is carried out. VMethyl benzene is a non-coordi nati nc

solvent, but, comparing the A. vales for LVOMr 2(py) in pyri"dins and

miethyl benzene, it seems likely that the equi 1i briwurn

[VOBr2(y 3  P~h C H3 [VOBr 2 CP' + py

py

exists [891 . The e.p.r. signal with an A.s value, of 103 for the nrethvl-

benzene solution is due to[ "'0r 2(py)2_1, whereas the A.s value of 99

for the pyridine solution, is due to the six coordinate cormplex,

fV~2(PY)3 7
Finally, it is possible that, by employinn a more rapid cooling

technique such as Plunging the e. p.r. samleC tUbe into liquid nitrocoen

di fferent species wil11 be "trapped' in the frozon sol utions from" the

complexCs studied when graldual cooling by ColId nii00 roCa', is UsCd.



All the g arid A values quoted in Table 4.13 weIre calculat--ed
by computer simulation of the spectra concerned. In every case ti-ic
simulated spectruLm approximated to the original spectrum and Figs 4.9
and 4.10 show two typical ca ses, the spectra o~f LPh 4As] 2 LVMC4 2 anid
[VOC12 (Ph3 PO) 2  soIlutions in ethanenitrile at 138 K, and the c rres pondic
simulations. The arrow.s on the original spectri ind1i1cate thei
positions niansured to provide the input data for the com-puter p~rogram,,
(see section 2.5). The two sets of eight positions rmeasured
correspond to the eight 'parallel' arid eight 'perpendicular' lines.
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SECTION 5 CONCLUSIONS AND SUMMARY

5.1. INTRODUCTION

Many complexes of the types A2IVOCl4] (where A is a cation) and

[VOC1 2L ](where L is a neutral monodentate or bidentate ligand and n

is 1,2 or 3) were prepared by means of a ligand exchange method using

[VOC12(CH3CN)2] as starting material. This method proved to be an

extremely successful synthetic route to a wide range of complexes.

It was, however, not possible to form complexes with triphenylstibine,

triphenylarsine or triphenylamine. This was due to the fact that the

solvents, ethanenitrile or tetrahydrofuran, coordinated more readily

than the stibine, arsine or amine concerned. Five phosphine complexes

were prepared, analysed and studied.

5.2. ANIONIC COMPLEXES

Three [VOC141 complexes, namely [Et4 i 2 [VOCI4i, [pyH] 2 NOC14I

and [Ph4Asl 2[ VOJI4 ] were prepared. In addition to these,[Me4N]2 [VOC1 4 ]

was prepared in admixture with [Me4N]C1.

[Et 4 N 2 [VOC1 4 ],[ Ph4As 2[VOC1 4] and [Me4N]2[VOC14J were green.

The diffuse reflectance spectra of these three complexes all had strong

'd - d' bands at ca. 13700 cm-I, and the far infrared spectra contained

one strong band (and a lower energy shoulder) assigned as a v(v-Cl)

stretching frequency. This strong band always occurred in the 345 cm',

region, and suggested that the [VOCI4_- ion in these complexes had a

square pyramidal (C4v) symmetry.

[pyHj]2 [VOCl 4 iwas green in colour at room temperature but

predominantly blue at 243 K. The green and blue forms of the complex

were studied separately. The green form had similar i.r. and diffuse

reflectance spectra to the three green [VOC1 4 IL  complexes discussed

above. The blue form had a strong i.r. band at 400 cm"1  and a weaker

band at 360 cm-1 , both of which were assigned as v(V-Cl) bands. This

result suggests an equilibrium between two geometric isomers of the

[VOCI 4 j - ion, similar to that observed previously for [VOBr41
2 - [40,411

and for [VOF 41- [125] . The green isomer, on the basis of its i.r.

spectrum,has C4v symmetry (square pyramidal), and the blue isomer has

C2v symmetry (trigonal bipyramidal). There were differences in the diffuse

reflectance spectra also. The green [VOC1 4] 2 - complexes have a strong

'd - d' band at ca. 13700 cm" whereas blue [pyH] 2 [VOCl4]has a 'd - d'

band at 15000 cm"I. [VOC12(Ne3 )2 ] , which is known to have trigonal

bipyramidal symmetry [36], has its major 'd - d' band at 13150 cm" [36],
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but [VOCi2(py)21 , which, on the basis of its i.r. spectrum, has square

pyramidal syrr.metry has a 'd -- d' band at 12400 cm"1 . Although

trimethylamine and pyridine are different ligands, they are both

nitrogen-donors and these two results, together with the [VOCI] 2 "

i.r. frequencies quoted, would suggest that for complexes with similar

ligands, those with trigonal bipyramidal symmetry have their major

'd -d' band at higher frequencies than those with square pyramidal

symmetry. [pyH1 2 [ VOCl4].x hmpa is blue and has similar i.r. and

diffuse reflectance spectra to the blue form of [pyH] 2 LVOCI 4 2 The

hexamethylphosphoramide present stabilises the blue pOCI 4 ] 2- .

Both blue complexes give an extra band in their i.r. spectra at ca.

275 cm- 1 which is tentatively assigned as a 6(0=V-Cl) bending

frequency. This band is absent in the spectra of the green complexes.

Attempts to form anionic complexes of the types EVOCI3L2]" ,

[VOC 3LY and [VOCl4L] 2- were unsuccessful. The ligands used in

these attempts were hexamethyl phosphoramide and triphenyl phosphine

oxide, but despite varying the relative proportions of the reagents,

the only products formed were [ YH] 2 LVOCl4JOjVOCl 2 (hmpa) 2 ] and

[VOCl 2 (Ph3Po) 2 ] .

5.3. NEUTRAL COMPLEXES

All the neutral complexes prepared were five- or six-coordinate.

On the basis of their formulae, three of the complexes prepared,

[VOC 2 (cy 3 P)J, [VOCl 2 (dppm)] and LVOCl 2 (dppe)f might have been expected

to be four coordinate but this was not the case. [ VOCl2 (cy3P)] , on

the evidence of its i.r. spectrum has a six-coordinate polymeric structure

with bridging through chlorine atoms. The e.p.r. spectrum of[VOCl 2 (dppm)

suggests an absence of bridging in the molecule and the i.r. spectrum

confirms that the bidentate ligand is acting as a chelate, and that the

molecule has square pyramidal (C2., in this case) symmet ry. In

contrast, the e.p.r. spectrum of powdered [VOCl 2(dppe)- suggests that

bridging dppe is present, and the i.r. spectrum suggests that the

bridging is through the phosphine ligands.

The five-cnordinate complexes have either trigonal bipyramidal (C2v)

or square pyramidal (C2 ) symmetry (see Table 4 .5 ). The infrared

spectrum of [VOCl 2(CH3 CN) 2] suggests that it has neither of these

symmetries, but rather a six-coordinate polymeric structure with

chlorine bridgii.g, in the solid state.

Apart from [VOCl 2 (cy3P) and VOCI2 (CH3CN) 2, the only other
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six-coordinate species prepared were L'OC1 2(dpso)31, [VOCl2 (dmso)3]

and [VOC12 (py)31.

In the VOBr 2 system the ionic

[VO(dmso)5 Br2 ]has been prepared [40,42] but it was not possible to

prepare the chloro-analogue.

5.4. ELECTRON PARAMAGNETIC RESONANCE STUDIES

The results confirm that the amount of hyperfine structure seen

in the e.p.r. spectrum of a powdered sample of an oxodihalovanadium(IV)

complex depends on the size of the counter-ion or ligand present with

large counter-ions or ligands leading to more fine structure.

LPh4As] 2 EVOC1 4] and [VOCl 2 (Ph3PO)2] , in particular, gave spectra which

were very similar to those obtained under truly anisotropic conditions

(,: in a frozen solution). Computer simulation of the spectrum of

[Ph4As] 2 [VOC14 ] enabled g, , g ,'All , A., giso and Ais o values to be

calculated. [VOCl 2(dppe)] did not give fine structure in its e.p.r.

spectrum because of its bridged polymeric structure in the solid state.

The compounds which gave rise to fine structure were:

[VOCl 2(hmpa)2] , [VOCl 2(Ph3P0)2 ], [VOCI 2(Ph3P)2] ,[VOCl2(cy3P)],

[VOCl2 (dpso)3?,[VOC 2(dppm)], [Et 4N32[VOCl4] and [Ph4As] 2 [ VOC14 .

The results for the e.p.r. solution spectra were particularly

interesting. At room temperature all the complexes studied gave eight-line

spectra'typical of vanadium(IV). However, no ligand hyperfine structure

was observed due to coordinated phosphine ligands. This result was

interpreted in terms of the phosphine ligands being displaced by

coordinating solvent molecules.

The Aiso values for the spectra at room temperature, taken together

with those recorded for frozen solutions at 138 K, indicated that there

were a variety of species present and that equilibrium of the following

form existed.

[VOCI2L2] f [VOCl 2L(thf)] tbf [VOC12(thf)2

Often, Ais o values calculated, by means of computer simulation, for

low-temperature solution e.p.r. spectra, were higher than those calculated

for the same solutions at room temperature, suggesting that, to some

extent, ligand molecules had displaced solvent molecules. All e.p.r.

signals were time-averaged signals for several species and it was not
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possible to assign a particular Ais o value unambiguously to a

given species.

The complex [Ph4As 2 fVOCl 4 lwas obviously present in ethanenitrile

solution both at room temperature and at 138 K. The various g and

A values obtained for the solution of the complex were similar to

those obtained for the powdered sample.

g 9. giso AI /G A/G Aiso/G

Solid 1.961 1.987 1.978* 182.8 74.1 110.3*

Solution (295 K) - - 1.969 - - 109.2

Solution (138 K) 1.959 1.984 '1.976* 184.0 75.6 111.7*

* - calculated value

The actual e.p.r. spectrum recorded for the solution of [Ph 4Asl 2 [VOCI4 U

in ethanenitrile at 138 K was very similar to that of the powdered

sample. Whereas, with other oxodihalovanadium(IV) species, the actual

species responsible for e.p.r. signals from solutions is in doubt,

with [Ph4 AsVVOCI 4i there is no such doubt and spectral parameters can

be calculated and assigned unambiguously, from either the spectrum of

the powdered sample, or the spectrum of the solution at 138 K, by

means of a computer simulation.

The A. values for the spectra of[ VOCI 2 (Ph3P)2 and [VOCI 2(Ph 2rleP) 2M

solutions in tetrahydrofuran showed the methyldiphenylphosphine ligand

to be coordinated to a greater extent than triphenylphosphine in solution.

1,2-bis(diphenylphosphino)ethane was coordinated to a greater extent

at 138 K than at room temperature on the basis of the A iso values for

the EVOC1 2(dppe) ]solution in tetrahydrofuran. Similarly the ligands

in both [VOC1 2 (Ph3PO)21 and[ VOC2(cy3P)1 appeared to be displaced by

solvent at room temperature, but to be coordinated to some degree at

138 K.

These results, showing the existence of equilibria involving

ligand displacement by solvent molecules, shed doubt on many past

solution studies of oxodihalovanadium(IV) complexes.
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5.5 FINAL SUMMARY

The aim of this project was to prepare and characterise various

complexes, either of the type [VOC12LjJ (where L is a neutral monodentate

or bidentate ligand) or A2 LVOCl 4 ] (where A is a cation), with the prime

objective of examining their electron spin resonance spectra.

[VOC12(CH3CN) 2] was prepared by a standard method and was then used

as starting material in the preparation, by ligand exchange, of [VOCI 2L2l

(L=hmpa, Ph3PO, py, Ph3P, tmu, tmtu, Ph2MeP or PhMe2P), [VOCI 2L3 1 (L=py,

dpso, or dmso), [VOC1 2L] (L=cy3P, dppm or dppe) and A2 [VOC14] (A= [Et4N,

[pyTlj[Me 4 N] Ph4 As]) Although it proved impossible to prepare con-plexes

with stibine and arsine ligands by this method, the synthetic route

used proved, on the whole, to be extremely successful. Of the complexes

prepared, only thc structure of LOCl2 (tmu) 2] was known, this having

square-pyramidal (C2 ) symmetry.

The far infrared spectra of the complexes were recorded and used to

classify the complexes according to thei'r structures. [VOC12 (cy3P) I

[vocl2(CH3CN) 2] and EVOCl 2L3 ] (L=dpso, dmso or py) were shown to have

six-coordinate structures. [ VOCl 2(dppm)], [VOCl2L2 ] (L=hmpa, Ph3PO, py,

tmu or tmtu) and A2 [VOC14] (A=[Et4N],[Me4N], [Ph 4As] or [pyH] based on

a square pyramid [VOCl 2 (dppe)] ,[ VOC12L2 ](L=Ph3P, Ph2VeP or Phr.le 2P) and

blue[pyH] 2 [VOCl4] also had five-coordinate structures, but based on a

trigonal bipyramid. Far infrared spectra of VOCI 2 adducts had never

previously been studied in any great detail, and had not been used for

structural assignment.

During this study, it became clear that two forms of the anion [VOC14
12-

existed in the complex [pyHJ 2 [VOC1 4J. A blue form of the complex was

stable at 243 K, and a green form at 295 K. Far infrared studies showed
VOC4 ]2- ion to have different symmetries in the two complexesthe[ VOl] int aedfeetsmere ntetocmlxsboth

of which were isolated and studied.

Diffuse reflectance spectra were recorded for most of the complexes

prepared. These revealed slight differences in the 'd*-')d' band region

which could be attributed to the different symmetries of the complexes.

The expected trends in ligand field strength were also observed for the

various ligands studied.

The principal physical technique employed in the study of these

complexes, however, was electron paramagnetic resonance spectroscopy. It

was hoped that this study would reveal some correlation between the structure

of a species in the solid state and its structure in solution. It was

also hoped that a study of various complexes in the solid state, would provide
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an explanation for the appearance of hyperfine structure in the spectra

of previously studied VOBr2 adducts.

Hyperfine structure was observed in the spectra of powdered samples

of EvOC12L] (L : cy3P or dppm), [VOC1 2L2 ] (L hmpa, Ph3PO or Ph3P),
[VOC1OC 4 ] (A = [Et 4N]or [Ph 4 As]) . The e.p.r.

spectra recorded for other complexes did not show fine structure and

this fact suggested that the amount of hyperfine structure observed depends

on the size of the counter-ion or ligand present. For the first time,

with the spectrum of [Ph 4As! 2 [VOCl4 J, it was possible to analyse

the hyperfine structure observed,computer simulate the spectrumland

obtain spectral parameters for a sample in the polycrystalline solid

state. Spectral parameters were also obtained, by means of

computer simulation, for the solution of [Ph 4AsI [VOCI 4] in ethanenitrile

both at 295 K and at 138 K and, hence, it was possible to compare the

species present in the solid state with that present in solution.

Finally a study of the e.p.r. spectra of solutions of some of

[ the complexes was undertaken. The phosphine complexes, previously

unknown, had been prepared in the hope that ligand hyperfine splittings

due to interactions with phosphorus (I=1) atoms, would be observed in

the isotropic spectra. No ligand hyperfine splittings were observed,

suggesting that displacement of the phosphine ligands by coordinating

solvent molecules was taking place. Observations previously made for

the solution of [VOBr 2(Ph3P)2i in tetrahydrofuran had suggested that

the following equilibria existed:

[VOBr2 (Ph3P) 2. 
PLM [VOBr 2  P) (thf) thf OBr

3F 2(Ph 3P(h) -L ~y~ 2(thf)2]Ph3 P _ h _?

Studies on solutions of various oxodichlorvanadium(IV) complexes

in ethanenitrile or tetrahydrofuran suggested the widespread existence

of such equilibria. Computer simulations of the e.p.r. spectra were

used to calculate the various spectral parameters. Results suggested

a correlation between the isotropic hyperfine splitting constant (Aiso)

and the nature of the species present insolution. By recording spectra

at both 295 K and 138 K, it became apparent that the equilibria were

temperature-dependent, and that different species often predominated

at the different temperatures.

These results, indicating the variety of species present in solution,

shed a great deal of doubt on many solution studies of oxodihalovanadium(IV)

complexes reported in the literature. This is a system which merits further

detailed attention.
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